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SHOCK TUNNEL STUDIES OF SCRAMJET PHENOMENA 1993
NASA GRANT NAGW-674 - SUPPLEMENT I 0

In accord with the format of previous reports, this consists of a series of reports on

specific projects. There is a brief introduction commenting on each report, and the project

reports follow in the order of the headings in the introduction.

"Program A" corresponds to work funded jointly by NAGW-674 and Australian sources,

and "Program B" to that fimded by Australian sources alone.

PROGRAM. A

(i) COMPARATIVE STUDIES OF T4 A_ND IIYPU._LS__E

Chemic_hlation_ansion Tube ( R. Bakos and R.G. Morgan)

An analytical and numerical study has been carried out to determine the probable "frozen"

composition of air test gas in an expansion tube. A model for diaphragm rupture was
assumed and, using this model, it was found that the test gas composition could be

obtained from an entropy correlation, similar to that employed by liarris for steady no_le

flows.

(ii) DIRE_CT MEASUR_EMENT OF TllRUSTIDRAG

(a) _ Mea_.__ssurement._s on Blunted Cones and a Scram'eLgLVchicle-in.----Jlt-zl_-rvel°_c_
Flo_: (L. Porler, D. Mee and A. Paull)

This records our first nleasurement of drag on a scramjet model (as well as drag

measurements on bhmt cones). Drag coefficients of the model were found to be quite

high, and were subsequently reduced by reducing the afterbody cone angle, and the angle

of the afterbody of the splitters between the combustion chambers.

(b) Thrust Measurements of a Comp_l_g!g__Axisymn_etric Scramjet in an Impulse Facility

(A. Paull, R.J. Stalker and D.J. Mee)

This records the early measurements of thrust when fuel was injected on the scramjet

model above. The model was modified by reducing the thrust surface angles as noted.



(c) Scratn'etThrustMeasurementin a Shock Tunnel (A. Paull, R.J. Stalker and D.J.

Mee)

The effect of stagnation enthalpy on scramjet thrust is measured in this paper. It is found

that the positive thrust measured at 3.0 MJ/kg falls rapidly as stagnation enthalpy is

increased, and above 3.5 MJ/kg, a negative thrust is recorded. Subsequent investigation

showed that this was primarily due to the increase in precombustion temperature.

(d) _rement in a 2-D Scrarn'et NozzLe (S. Turtle, D.J. Mee and J.M.

Simmons)

Considerable difficulty has been experienced in measuring thrnst with this non-

axisymmetric configuration, but the present measurements show evidence of a well

deserved success. They show that skin friction losses do not make a large difference to

the thrust of tile nozzle.

(iii) COMBUSTION SCALING

__ (M.V. Pulsonetti mad R.J. Stalker)

This is a brief note indicating that scaling in scramjet combustors may follow that of

ramjet combustors, with a scaling parameter that depends on the product (pressure x a

characteristic dimension).

PROGRAM B

(i) MIXING AND COMBUSTION

(a) _I _roduction ina Scr_et (A. Paull)

Measurements on a long combustion duct with a nozlle attached have been made.

Specific impulse values in excess of 1500 sec were obtained wilh hydrogen fuel, but this

decayed rapidly as stagnation enthalpy was increased.

(b) _nic _Combustion_ in a Constant Area Duct (M. Wendt)

This began as a PhD study of the effect of temperature of It2 fuel when injected into a

supersonic duct. However, in understanding the results of experiments, a substantial
amount of work on other effects was done. The work has been presented as a thesis, and

the conclusions only are reported here.



(c) S__cramjet Combusti_ (K. Skinner)

A PhD thesis on the mass spectrometer is currently being examined, ,'rod a chapter from

that thesis relating to mass spectrometric measureme,_ts of species concentrations in a

mixing and combustion wake is presented. The mass spectrometer results indicate that the
width of the species concentration profiles is approximately the same as the pitot pressure

profiles, indicating that species and momentum diffusion are similar.

(ii) SKIN FRICTION AND ItEAT TRANSFER MEASUREMEN_TS

a Flat Plate_
(a) Transition of Con_!__ressible Iligh Entha!_rY- L--ae3_-E-F!°w over

(Y. He and R.G. Morgan)

Measurements of the heat transfer to a flat plate in T4 showed transition taking place at

Reynolds' number between 2.8 x 106 and 0.6 x 106 for stagnation enthalpies arranging

from 3 to 7 MJ/kg.

Skin friction measurements in a turbulent boundary layer are being attempted.

(iii) EX._.PANSION TUBES

The $_E__t_,_EEx_periment and An.a_.___ (A. Neely and R.G.

Morgan)

This paper reports experiments with a small expansion tube in which a usable test flow

was produced at a test section velocity of 13 km/see.

(iv) _FORCE BALANCE

Balances for the Measurement of Multi_ onents of Force ira Flows of a Mi__lli___second

Dura____Atio__n(D.J. Mee, W.J.T. Daniel, S.L. Turtle and J.M. Simmons)

The principle of the force balance, which has been used to measure thrust and drag in
shock tunnels, is extended to measure lift and pitching moment as well.
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Chemical Recombination in an
Expansion Tube

Robert J. Bakos* and Richard G. Morgant

University of Queensland,

Brisbane, Queensland 4072, Ausrralia

Introduction

YPERSON!C propulsion and aerothermal testing re-

H quirements continue to drive the development of ground
facilities capable of duplicating energy, Reynolds number, and
stre-_ chemistry at near-orbital velocities. Expansion tube

pulse facilities offer this capability if the theoretical operating
cycle proposed by TrimpP is accepted as representing the
actual flow history. As shown in the distance-time (x.t) dia-
gram (Fig. la), this requires that the secondary diaphragm t
rupture instantaneously on impact by the primary shock, and
that its mass contributes no inertia to the test gas for subse-
quent acceleration. However, experiments by Shinn and
Miller z with helium test gas have shown that for even the
thinnest practical diaphragm (3.18 Aura polyester film in a
1$2-mm-diam tube) the primary shock reflection off the di-

aphragm maintains sufficient strength to travel more than 110
mm upstream into the oncoming test gas. Because the test gas
in •n expansion tube originates from the vicinity of the di-
aphragm, it is processed by the reflected shock. For air test
gas, the entropy generated may be sufficient to cause signifi-
cant oxygen dissociation that can 0nly be eliminated by recom- a)
bination in the subsequent unsteady expansion. In this sense,
the problem is similar to the nozzle freezing problem occurring t
in high-enthalpy reflected shock tunnels.

The details of the secondary diaphragm rupture will affecl
both the strength of the reflected shock generated and the rate
of expansion experienced by the test gas as it accelerates under
the influence of the unsteady expansion. This Note adopts a
diaphragm inertia rupture model 3 assuming that the di-
aphragm shears cleanly around its periphery, remains intact
and nearly planer, and provides no resistance other than its
inertia to acceleration by the pressure field. The diaphragm
acceleration relieves the pressure behind the reflected shock so
that it weakens with time (Fig. Ib), lowering the test gas
entropy and initial dissociation levels. Also, and perhaps more b)
importantly, the diaphragm inertia limits the initial expansion
rate, allowing effective recombination to he achieved.

For this situation an approximate analylical solution for the t -
Lagrangian pressure-time history is presented for an ideal gas.
A one-dimensional numerical solution with equilibrium chem-
istry for the diaphragm-inertia model was also done and shots
good agreement with both the approximate analytical solution
and a pressure measurement for air test gas from the NASA

-- Received June $, 1993; revision reseived Dec. 29, 1993; accepted fo¢
publicalion Jan. 3, 1994.Copyright C) t994 bythe American Institute
of Aeronautic5 and AslrOmtutics, Inc. All rilhtS reserved.

*Graduate Research Student, Department of Mechanical Engineer-

Langley HYPULSE expansion tube. 4 The extent of recombi-
nation is then calculated using a finite rate chemistry package
for the analytically or numerically determined pressure-tin<

history.
Calculations including the diaphragm inertia show signifi-

cantly lower di_ociation levels than those reported recently by
Wilson s where the diaphragm was taken to hold fast for a
specified holding time and then allowed to open instanta-
neously without contributing inertia to the subsequent acceler-
ation (Fig. Ic). in Ref. 5, this model was used in a full
one-dimensional, unsteady-flow calculation with finite rate
chemistry. An approximate calculation of recombination for
this rupture model is included here for comparison with the
inertia model.

Finally, • two-parameter correlation summarizes the results
of the nonequilibrium calculations for air in terms of the
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msueflc_ed shock thermodynamic prope_ies and an inertial
ime scale for the diaphragm. This allows rapid estimation of

_onequilibrium air compositions fm any choice of diaphragm
and suborbital test conditions in an expansion tube.

Annly$|s

Under the a_umption of a peripheral diaphragm rupture,
the diaphragm motion will proceed subject to its inertia and

the pressure applied to either side. Therefore. the diaphragm
acts as a very light piston separating the test and acceleration

gases. Ik-cause typical prcrun diaphragm pressure ratlos'are of
tbe order IOG- IDO0:I, pressure in the compressing acceleration

gas is negligible (for the initial portion of the diaphragm
motion) relative to the lest gas pressure p_, behind the re-
flected shock. The equation of motion for the diaphragm is

du P_ (I)

dt PlW,,

• he dia hragm density and w_ the thickness.
where p,, !s t .. P6 "_-c_as between the diaphragm and the

Me Ig[. iu IbFollowing Y ...... I,_, a uniform value ol the
reflected shock is assumcu Lu ...v, where u is the sound
Riemann invadant J+ = 20/(7 - i) + u.
speed and u the gas motion velocity, such that the J- charac-
leristics will be slraight line.s emanaling from the diaphragm
surface. That is, the expansion occurs through a simple wave.
UniformiIy of ]. requires that either the reflected shock be
weak such Ihat entropy changes across it can be ignored, or
that it does not decay so that again a uniform entropy region
exists behind it. For conditions of interest the initial reflected
shock Mach number relative to the lest gas is within the range
Mn " 2-3, which, although not weak, does not significantly
alter the value of ]o. J+ is evaluated behind the fully reflected
shock and assumed not to vary; thus the diaphragm motion is

an infinite-length reservoir at the
equivalent to that caused by + sound speed This leads to
postreflceted shock pressure ann
the following relation for the pressure on the upstream face of

the _liaphragm,

p, ( J + - u,_ _" - ' (2)

:. /

where subscript 0 refers to conditions behind the fully re-

fiecled shock. Introducing a velocity scale ul = 20o/('t- l)
and an inertial time scale lm= 2#_w_o/(_ + l)Po for the di-
aphragm motion, integration of Eq. el) _ith Eq. (2) gives for

the diaphragm velocity

-- ( + r_ "'-`vh.n (3)
lilt

and [or the pressure history of a particle adi acent to the

diaphragm face,

p. (l+t_ -z_'t'°n (4)

The initial expansion rate at t = 0 is dp¢ldt = - _/p_lp,fr,tOo.
which is seen to be limited by the diaphragm mass.

For subsequent particles, their location and pressure-time
history is evaluated analytically using the now known di-
aphragm trajectory (3) and the straight J- c haracteristics'7
The reflected shock trajectory is computed similarly by ¢valu-

the diaohragm and communicating it back along• ini J- at -.. .,..._.- a^wnstream velocity
:_e straight character|sties to spec-y -._ ,,,,

ondition for the shock.
boundary ¢ ........ a.! ,,, described, the holding time

For the hOIOmg umc muu;, j--- diaphragm
_eates a fully stagnant region. Tbe instantaneous
rupture that follows forms a centered unsteady expansion
anchored to the diaphragm station (Fig. Ic). Shock decay only
begins when the head of the expansion int,rsects the reflected
shoCk. Taking the holding time sufficiently large so that no

I)t7
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decay occurs for test gas particles that will comprise tbe useful
test gas, the pressure history for a particle which enters the
centered expansion st llme to after shock reflection is, 7

p = _ O)
po

where Po is the pressur¢ behind the reflected shock and t _ to.
Different particle histories correspond to different values of to.
The initial expansion rate at t : to is dpldt = - 21,Po/(_ + I)ta,
so that the particle initially adjacent to the diaphragm at
rupture, corresponding to t0-0, experiences an infinite expan-

sion rule.

Inertial Diaphragm Model Results

The nominal Much 17 operating conditi°nJ of the HY-
PULSE expansion tube is used for a test case. For this condi-
lion the shock tube is filled with air to 3.45 kPa, and the

primary shock speed is 26"/0 m/s approaching the diaphragm-
The acceleration tube is filled to 7.2 Pa, also with air, and the

diaphragm is 12.?-vm polyester film. Equilibrium conditions
behind the reflected shock at the diaphragm are P0 = 2.19
MPa, ao = 1380 m/s, and 'lr= 1.30. The one-dimensional
finite volume code of Jacob ss was run for this test ca._ using

approximate equilibrium chemistry. The solution was started
at the time the primary shock reaches the diaphragm ILnd
continued for 0.$ ms. The diaphragm was assumed to act as a

piston of fixed mass. Grid convergence was confirmed by
doubling the resolution and noting no significant change in the

solution.
Figure 2a shows a measured tube wall pressure trace_ at a

location "/6 mm downstream of the secondary diaphragm with
analytical and numerical simulations. The numerical solution
accurately predicts the diaphragm location, as well as the
initial pressure field. The reflected shock appears to be
smeared in the experimental trace, possibly as a result of
nonplaner diaphragm rupture. The analytical solution cap-
tures the general features of the flowfi¢ld, in particular the
location and pressure on the diaphragm. In addition, Fig. 2b
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shows that there is good agreement beiw_n the numerical and
analytical estimates of pressuredecay for the particle adjacent
to the diaphragm. This also indicates that the effects of chem-
istw on the pressure distribution are small for the conditions
considered and that the ideal gas approximation is adequate
for this study.

Recombination Chemislry

Recombination in the expansion is calculated using a gen-
eral chemical kinetics computer program I° for • specified par-
ticle pressure-time history, with the gu |mmediately behind
the reflected shock assumed to be in chemical equilibrium.
There exist several choices for the chemical kinetic rate mech-
anisms tar high-temperature air II that give variations of ap-
proximately ± 20% in the computed atomic oxygen mass fr•c-
lion. The mechanism in Ref. 12 has bccn widely used for

computing shock tunnel nozzle flows and is adopted here.
Figure 3 shows computed atomic oxygen and nitric oxide

mass fractions (the only significant air contaminants •t these
conditions) as a function of time •tier flow arrival in the test
section located 14 m from the diaphragm at the exit of the
acceleration tube. The time ordinate in all cases results from

I
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conserving mass between a given particle and the diaphrN_m
when going from the postincident shock state, 2, Ihrou_h
the reflected shock and expansion, to the facility uii, state $
(Fil. I).

Coniiderin i theholding time model results, the frill plili-
clcs to exit the facility (ihose initially adjacent to lti¢ di-
aphragm) experience rapid expansion tales and freeze •l a
composition near the pro.expansion value. Subsequent I)mli-
cles seelesserexpansion rates and recombine I'urihu, in •geR-
m•nO with the results of Ref. $. For the numerical solution of
the inertia model, five particle trajectories were analyzed.
presenceof the diaphragm mass reduc_ the expansion rate for
the first pairilcles yielding Ilreater recombination thin the
holding time model. Subsequent parlicles are proccired by •
weaker reflecled shock altering Ihe composilion as shown.
Using the pressure hislory from the •nalylical solution for Ihe
particle •djacent Io the diaphragm, good agreemenl is found
whh the numerical solution Ihere. Accuracy of the an•lylical
solution diminishes for subsequent particles and they are not
analyzed for recombination.

Entropy Correhllion

For steady expansion nozzles the frozen enthalpy and com-
position of nonequilibrium air at the nozzle exit correlate wall
with the nozzle reservoir entropy, ll'li Nonequilibrium compo-
silions resulting from unsteady expansion can be similarly
correlated using the postreflecied shock entropy, provided
that the initial portion of the expansion occurs in equilibrium
and at constant entropy. For this situation the expimsion wiD
pass through the lower pressure starting conditions of otho'
expansions having the same entropy. If theseexpansions sub-
sequently have coincident pressure-lime histories, they wl"ll
yield the same final composition. From F.q. (4) it can he seen
thai coincident expansions have equal values of the modified
time scale

rm= Impoc'" Ivx_ (6)

All expansions with the same ra and initial entropy will yield
the same chemical composition.

Figure 4 illustrates this correlation for atomic oxygen and
nitric oxide mass fractions. It was construcled for • range of
initial pressuresof 1.5, 15.0, and I$0 MPa and Icnllxr•lures
from :1500to 6000 K. These ranges should span the majority
of expansion tube olxrating conditions for simulating subor-
bital velocities. The correlation is accurate to within the uncex-
lainiy due to the high-temperature air kinetics already noted.
It applies to Ihe particle initially adjacent to the diaphragm,
and thus from Fig. 3, represents an upper bound on atomic
oxygen and • reasonable estimate of nitric oxide content.
Departure from the correlation occurs below :1_0 K where the
equilibrium slarting conditions fall below the freezing condi-
tion of expansions from higher pressure and Ihe same entropy.
The thermodynamic data available in the kinetics code I° sol
the 6000 K maximum temperature limit.
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DRAG MEASUREMENTS ON BLUNTED CONES AND A
SCRAM JET VEHICLE IN HYPERVELOCITY FLOW

L. M. Porter*. D. J. Meet and A. Paull #
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This paper reports some applications of the
deconvolution force balance (Sanderson and
Simmons, 1991) for measexlng drag in hyl)erve!oci_

impulse faciUti_ where test times are ol II_eoroer oz
| ms. Two basic model geometries are considered.
The tint is"a 5" semi-vertex angle cone with varying

degtx_..s of nose blunmett. The influence of bluntness
on drag on this slender conical body in a Mach 5.2
t|r stream at a stagnation enthal.py of 14 MIAg is

presented. The second appllcatton is to the drag
measurement on the more complex geometry of a
scramjct powered vehicle. The drag on the vehicle
bat bc_ measured at stagnation enthalpies in the

range of 3 - 14 MI/kg.

A r,cramjet operating at Mach numbers above 4 is
bein| proposed as the propulslon system for a

disposable vehicle to launch small payloads into I_1_
earth orbit (Stalker, 1992). The forebody of
scram,let will he conical in geometry. Ideally, a

shar 1) nose would reduce the aerodynamic drag on
Ihe vehicle. However, a pointed slende_r note h
difficult to cool and may. restrict the payload

capacit]v. There oractical limttatinns have n_. ivated
research int"0- the aerodynamic characterlsttct ol a
blunted cone in hypersonic (Mach number greater
Ihan 5) and hyperveloclty (flight speed greater than $
kn_-I) flow.

To simulate these flight conditions experiments
were pcrforrr_d in the T4 free piston driver shock
tunnel facility (Stalker and Morgan, 1988). The test
tim_ experienced in the T4 facility arc of the order
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| Research Fellow, Department of Mechanical
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of ! ms. While the drag force is a fendsmental

parameter in the design of any flight vehicle, its
measurement in hypersonic impulse facilities is
inhibited by the short test time. Conventional force
balance or accelerometer balance technlqu_ would
restrict the maximum model size to 50 mm in a

ra. ili having, ors mt($.,de-oo.--d
Simmons. 1991). However. a tcc_lque 1or ora|
•.-,.o.-remenl in hvoersomc impulse facilities, Ihe

force" ,l--ce.!,.. deveinp dby
Sanderson and Simmons (1991). This technique
takes into account the distributed masseffects and

depends on the interpretation of the transientstress
waves propagating within the model and its

supporting structure.

The present experimental programmeis the first in
which the technique has been used to obtain data oo
the drag of aerodynamic bodies of current intc_st.
One primary aim was to obtain a preliminary
measurement of theinfluenceof note bluntness oa
drag on • slender cone In hypervelocity flow.
Anotherwas toexlend the techniquetomeasuringthe
dragon the more complex geometry of a scramjet
vehicle. Having achieved these .objectives it it
envisaged that a more comprehenstve investigation
Int9 note bluntness effects can be conducted. The
result of aoolYinl this knowledge to the opdn_.
desi oft scram vehiclecanthenbcmeuu
,4;re__flv uslne the deconvolution force balance to
-'e_sure the dra in hypersonic and hypervelocitym g
testflows.

experime_ were performed in the 1"4 free
istoa driver shock tunnel facility (StalEer and
organ, 1988). A contoured axtsymmetric Mad) $

nozzle was used to expand the gas from the
stagnation region to the appropriate test condilioret.
The nozzle exit plane was 265 mm in diameter and
the nozzle throat dlamc_er was 25 ram. The tunnel
was operated in a tailored mode so that 1he stalk
pressure and enthalpy would be constantthroughout
theflOWtesttime.

Thf model is a11,1tc_.,dto a "stlng')n .1_ form ofl
sknd_r ehstic bar (Figure!). The tungis suspeno=o
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Figure I. Drag balance configuration.

by vertical threads to allow free movement in the
axial direction. Strain gaugeslocatedon the sting
record the passageof stresswaves resultingfrom the
impulsively applied drag force as they are
transmitted from the model into the sting.

Following Sanderson and Simmons (1991) the
dynamic behaviour of the model/sting combination is
modelled as a time-invariant, causal, linear system
described by the convolutionintegral,

t

y(t ) = J g(t - _) u(x) dx (!)
0

where u(t) is the single input 1othe system, y(t) is the
resulting outputandg(t) is the unit impulse response
function. Knowing the responseof thesystemto a
unit impulsive force it is possibleto determinethe
response of the systemto excitationby any arbitrary
force via Equation I. Alternatively, and what is
done here, y(t) is obtained from the stra|n gauge
output and a numerical deconvolution process is
performed to obtain u(t), the time.hlstor_, of drag
applied to the model (Sanderson and Simmons,
1991)..

It has been demonstrated that the technique is
insensitive to small changes in the impulse response
function (Simmons et al (1992)). Thus the unit
impulse response function may Ix approximated
numerically using dynamic finite element modelling.

2___ariable Nose Blun_

Experiments were performed on a 5" semi-vertex
angle aluminium cone of 100 mm base diameler. A
total of ! l variable nose tips was used ranging in
nose radiusfrom0.2nun to!8.0mm instepsofl,8

mm. Thesecorrespondto bluntnessratios of 0.004
to 0.36 where the bluntnessratio is the ratio of the
nose radiusto the cone base radius. The cone is
571.5 nun long with the sharpest tip attached. The
baseoftheconewasmade hollowinordertoreduce
themechanicaltimeconsumtofthesystem(Porteret

al.1992).Thisreducedthemassof themodelby
almost50%.

The 2.5 m long sting was constructed from brass
tubing of 34.9 nun outside diameter and 1.6 mm wall
thickness, giving a high bending stiffness. The sting
length was chosen to delay the interference of the
stress wave reflected from the free end of the sting
with the flow test time. As the speed of propagation
of stress waves in brass is 3.6 kms-l, a sting length
of 2.5 m allowed 1.3 ms before the reflected waves
arrived at the strain gauges. (This estimate of test
time takes into account the positioning of the strain

gauges 300 mm from the model/sting interface
(Figure 1))

Figure 2 shows a diagram of the modeL/sting
arrangement with the finite element mesh used to
calculatethe unit impulse response function

superimposed.As the drag me_urement tech.n,iclue
used here is insensitive to small changes m the

impulse response (Simmons et al, 1992) and as the
unit impulse response function is in turn relatively
insensitive tO the loading dlstn'butionon the model
the impulse responsedetermined fora distributed
load on the sharpconemodel has been used in the
numerical deconvolution to obtain the drag for aU
the blunted cone models tested.

2,4Scram.ietVehicleModel

The model of the scramjet vehicle was made of
aluminium and consisted of s centrebody surrounded
by 6 evenlydistributedcombustionchambers(Rgure
3). The ccntrebodywas composedof s 9" semi-
vertex angle sharp conical forebody of length 99
ram; a 9 intake surface extending for a further 60
nun; a comb_sdonduct length of 60 nun; and a I$"
thrust surface of length 55 mm. The scramjet
centrebody thus had a total length of 274 nun. The
combustion duct was also made of aluminium and
had a total length of 145 ram. The stainless steel
cowl surface angle at the thrust nozzle exit was 7".

Figure 2. Vmlte ekment model of sharp cone model and sting.
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Figure J. Scramjctpoweredvehicle.

The scramjetmodelhad6combustionductsevenly
distributedaboutthecentrcbody.The diameterof

the centrebodyforthelengthof thecombustion
chambers was 51 ram.The internaldiameterofthe
combustionductcowlwas 69 mm and theexternal
diameter was 71 ram. Each of thecombustion
chambers was approximately 12 mm in radial width.
No provision was made for injecting fuel into the
scr_njct ductsonthismodel

For thesetests the scnmjetmodel wasattachedto
the nose of the conein placeof oneof the blunt tips.
The cone was thenshieldedfrom the flow to prevent
it from expe_ncing anyterodynamlc forces.

The unll impulseresponsefunctionwas &termined
numerically usinga dynamicfinite elementprogram
for the case of a point load applied axially at the dp
of the model. The finite element mesh for the

scramjet model is showninFigure4. The supports
attaching the cenlrcbody to _ COWlweredesignedlo
approximate the mass of the walls of the 6
combustion chambers.This was done so that the
tcramjetcouldbe modelledwithan axisynunetrie
finite element mesh to simplify the numerical

analysis.

:2_S.__nstrurnentatlon

Kulite UHP-5000-060 semi-conductorstrain

gaugeswereusedtomeasurethesystemoutputy(t).
These gaugeshavetgaugefactorof155buttheyare

highly temperature sensitive. This made it necessary
to use a modified Wheats•one bridge circuit to
compensate the gauge output signals against
undesirable temperature effects. Four strain gauges
were used. Two gauges were attached to • separate
piece of the sting material and placed near the sting
so that they saw the same thermal environment bet
no mechanical strain. The two strain measuring
gaugeswere arranged so that the circuit was sensitive
only to axial loads.

Measurements of the pressure in the base area of
the cone were obtained. Additional instrumentatloQ
consisted of measurementof the shockspeedsin I_
shocktube and stagnationpressures. These are used
to determine the conditions of the test gas.

_.I Test Flow Co_itioJ_

The conditions in the testsectionwere numerically
determined using ESTC (Mclntosh, 1968) and
NENZF (Lordietat,1966). The shockspeedin the
shock tube and the stagnation pressure were
measuredand used as inputs to EsrC to determine

the temperature of the test gas in the stagnation
regionafter shock reflection. The test gas undergoes
• steady expansion from 1hestagnation region to the
test flow properties at the exit plane of the nozzle.
NENZF is a one.dlmensionalnon-equilibrlum code
which is then used to predictthe propertiesof the te,t
gas at the nozzle exit plane given the stagnation
pressure and temperature.

Measurements made of the test section Pitot

pressureand static pressure were found to agree well
with those predicted by NENZF. The test flow
properties were found to be repeatable to within
10%. The four conditions at which tests have been

performed are listed in Table 1. All experiments
were conducted in.a test gas of air.

3.2 Blunted Cone Drag Measurements

Experiments on the variable nose bluntness slender
cone model were performed at the 14.4 MJAI test
condition (Table !). The signal output from the
strain gauge bridge was deconvolutcd numerically as
described in Section 2.2 to obtain the dine histoly of

Figure 4. Finite element model of scramjet vehicle and sting.
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Table1. Flowconditionsinu testgas of air.

the drag on the model. This drag measurement
technique is inherentlynoisy is the deconvolution
process tends to amplify any noise present in the
original output signal, y(t). It was thus necessary to
pass a.ll the drag measurements resulting from the
nun_n_! deconvolution process through • 2 kHz, 6

pole Butterworth low-pass digital filler.

Figure 5 shows the measured drag in its filtered
form for • nose radius of 10.8 nun in comparison
with its correspondingstrain gauge output signal
before deconvolutlon.The steadyflow testtime may
be identified by theregionsof steadydrag, occurlng
around 4.8 ms in Figure5.

The results from this preliminary study into the
cffcfts nose blunme_ hM Oa cone dr_ axe
summarised in Figure 6. At the smaller note
bluntnesses the effect on the total drag is relatively
minor. The drag shows an increase from the sharp
nose value of about 20 % at a nose radius of 7.2 nun

(bluntness ratio of 0.144). However, beyond this
radius the drag increases more rapidly so that at •
nose radius of 18.0 nun (blunztw.ssratio of 0.36) the
value of drag is about 145% greater than the drag on

the sharp cone.

A theoretical prediction of the total drag on •
sharp cone has bccn made and is also shown in
Figure 6. The pressure drag was predicted using
Taylor-Maccoll theory (Taylor and Maccoll. 1932)
and found to be 159 N for the case being studied
here. An eslimate for the skin friction drag on the

cone was made based on laminar boundary _1'_'_
th¢o_ (White. 1974) and found to be 36 N.
givcJ a total drag of 195 N for a sharp. 5' semi-
vertex angle and 571.5 nun long cone travelling in
air at the 14 M.IAg condition (Table I). The value of

drag measured for the sharpconewas 200 N, thus
reinforcing the accuracy of the drag measurement
technique used.

_.3 Drag Forceon$cram!r,_V_ch_

This model providesa good test of the utility of the
deconvoludon force balance given the complexity
and size of the model. All previousstudies using the
deconvolution balancehave beenon simpler conical
geometries (Sandersonand$1nunons,1991; Po_cr

$o0

|

o

-Io0
$.|00

!

4.000 _.000

Time (ms)

Figure $. Comparison between signal from strain
gauge bridge before (raw signal) and after (drag
force) deconvolution for • nose radius of 10.8 nun.

II

• II •

, 4

104 e 10 zsJ

NoseRodlus(ram)

Figure 6. Drag force versus note radius.

al. 1992). The present model deviates from
axisymmetry in the arrangement of the scramjet
engine modules around the central body of the
vehicle. All net aerodynamic forces should be axial
for these zero incidence tests. These tests were
performed to measure the aerodynamic drag
associated with the scramjet vehicle design, thus then:
was no injection of fuel inlo the scramjet ducts.

The first step in tcsting the applicability of the
deconvolutlon force balance to drag measurement on

12
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Figure 7. Comparison between (a) numerically
predicted _d Co) experimentally measured step
response for z point load applied to the tip of the
_ramjet vehicle.

the complicated scnu_,jetmodel involved coml:.uison
of a finite elementcomputationof the step response
of the model with m experimental re.suit The finite
element computation was performed for an
impulsively applied point load at the tip of the model.
The experimental step response was obtained by
cutting a wire attachinga mass to thetip of the model
as in Sanderson andSimmons (1991). This simulates
a point load applied impulsively to the lip of the
model. Six experimental results were avenged in
order to reduce the level of random noise on the
signals• The results for the computation and
experiment are shownin Figure 7. In these plots the
stresses are normalized with the stress that is
obtained for I stalk application of the load to the tip.

1411 . di•

IN

Nil

|N

I '"

M

°

° +1141

-|II 41 41_I

q

Ilh_ k,d

Figure 8. Comparison between the drag time
histories on the scrimjet model in • flow of
nominally 3 M.IAg and two static pressurel. The
solid line represents the drag at a static pressure of
10 kPa and the dashed line represents the drag at t

static pressure of 3.5 kPt.

The results show that the finite element
computation predicts the experiments quite well.
The overall rise in the level of stress in the sting is
well captured.Ithou_ there are tome differences in
the finer detail• Basedon this result the computed
step responsehasbeenusedto determine the impulse
response for use in dcconvolution of the measured
results.

Figure $ shows time-histories of the du.onvoluted
drag on the scram,jet vehicle at the low enthalpy
conditions of nominally 3 MI/kg of Table I. Results
are shownforthe two different pressurelevels at this
enthalpy. The resultsshowthe characteristicpeak in
drag at the suulof the lestflow whi.chis attributed to
the startingup process ol me nozzle, followed by a
period of relatively steady overall force. This is also
evident in the cone drag data. The period of steady
drag force corresponds to the steady flow lest time•
Thus, it would appearthat the deconvolution balance
it suitable for testing complex models such as the

presentscramjctvehicle.

Condition
A
I 3GO

C _SO
|0

Drag (tO Drag Coelflclent [
310 0.33

0.31

0.,1 I0._0

Table 2. Drag coefficients of scramjet vehicle at
the 4 conditions of Table 1.
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The drag coefficienu (basedon the external cowl
radius) correspondingto the four test conditions of
Table I rangedfrom 0.20 to 0.33 (Table 2). These
relatively high values are attributed to • lack of
pressure recovery downstream of the combustion
ducts.

The drag measurementsmade on the 5" semi-
vertex angle, variable nose bluntness cone model
reveal • steadily increasingeffect of nose bluntness
on drag on the cone. The effect at the smaller nose
bluntncssesis reladvely small,with • 20% increasein
drag at • hose radius of 7.2 ram. This is encouraging
for the design of • hypersonic space plane or a
ccntrebody for an •xisymmetric scramjet where •
slightly blunted nose is required to reduce stagnation
point heating. Beyond this nose radius the drag
increasesmore rapidlywith nosebluntness.

The results for the scramjet powered vehicle
indicate that the deconvolution force balance can be
applied successfullyto measure the drag on models
of quite complex geometry. It is envisaged that •
more comprehensive investigation into possible real
gas effects on thenoseblunmcss effectson conedrag
will then be applied to the optimal design of the
forebody of a scramjet vehicle. The testing of
various designs can then be carried out using the
&,,convolution forcebalance.
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This paper describes tests which vhere conducted in :
nlc Impulse facility T4 on a fulty

the hyperso . = ...... mtet con/tip=ration. In
integrated axtsywmetric )_--
these tests the net force on the scramJet vehicle
yes measured using I deconVoiutlon force balance.

This neasuresont techolq_e and its application to a

coiplex =odel such as the scraeJet are discussed.
Results are presented for the scr,-_et's aerodynamic

drag and the net force on the icr="J et vhen fuel Is
injected into the combustion chambers. It Is shown
that • icramJet usin8 a hydrogen-sllane fuel

produces greater thrust thin Its aerodynamic drag hi

flight speeds equivalent to 2600 a/s.

Extensive investiiations, both nuserlcel and

experimental, have been conducted to deterilne If

icriiJetS prOduCe sufficient thrust tO be
econoatcally viable for hypersonic flight. Alth°ut h

e investigations are Important, the most
thes ....... inn the viability of a

ltivm ray tO ae,c,-,
de£1n. . .... torn flight tests vlth a fully

cranet II iu i_--s J ...... _n--t is to sly, flight
integrated conllgura_lon+ ,.m
tests of l scramJet vith intakes, combustion

chambers, thrust surfaces and exterior surfaces

Flight tests can be sade In two says. A scramJet
could be propelled through the ataosphere with =

suitable carrier or alternatively, and what was used

for the tests described:here, flight tests can be

Perfor_-"d in i hypersoniC test facility.
The free piston driven shock tunnel it iris used to

test the axlsymmetrlc scrasJet seen In figure I.

The drag or net thrust prOduced by the scram_et was
obtained us|lNI I deconVo|ution force balance

(Sanderson and Sluons (1991)). The time-history of
the force ictin= on the scraeJet I= obtained by

nuJerlcally 6econvolvin_ measurements made of the
axial strain in a sting attached to the scrisJet.

This type of balance van origlnilly desti ned so that

a force could be deconvolved over i periOd of

approximately I hs However, this is Insufficient
for testing scrai_eti. An Increase In deconvolutlon

time Is required because valves are opened and fuel

is injected prior to the start of the test f|ov. To
obtain an accurate time history of the force on the

scranJet these events suit also be deconvolved. The
development of this balance and technique to the

point where tLme-bistory meisure_nts can be made
over a period In excess of 10 as on a complicsted
Dodel has been crucial to the measurement of the net

thrust produced by a scrasJet.
The ab|ILty to _easure the overall performance of a

fully integrated scrisJet I$ one whlch should
enhance the des$_'_ efforts towards the develo_ent

of thls type of enclne. The results presented here
are the first record of the thrust produced by a

fully Integrated scrasJet which has been tested In

an impulse facility.

IGOE1DESCRIPTION

A schematic of the scras.}et, fuel tank and stinl Is

shorn In figure l. The scramJet Is connected to the

fuel tank which in tern II connected to the still.
T_e scraaJet Is -cylindrical in shape with a conical

forebody and thrust surfaCe, it his in alunlnun

centrebody and i italnleSi steel cowl. Tbe fuel

tank Is cylindrical In shape and Is made frol

stainless steel. The stlnl Is I brass cylindrical

pipe, Semiconduct=r strain gauges are attached to
the sting approx_utely 200 Jut dcvnstreaa of the

fuel tank.

The sting and mOde] ire suspended by fine threads so
that the coiblnation Is free to move In the

direction of the _xls of the tunnel. The fuel tank

and stln8 ire shielded froe the test flov. l_ls
shielding Is ref;lred to ensure that the forces

which are measured are only the aerOdynamic forces

acting on the =K>del.
The overall ler_th of the scrasJet Is 274 am and Its

external diameter Is ?1 m The conical forebedy
has a 9 degree half angle _nd the thrust surface has

I 11 degree half ingle.
Six Identical co.ilion chalber$ ire distributed
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Figure I. $cher_tic of the scram_et and |is fueJ tank.

arourd the cylindrical centretx_Y- The combustion

chambers ere 59.5 " long and of constant

cross-section. The centrebodY is cylindrical with •

diameter of 51WJ.
A ©on_ectlng pipe between the m_deT and the fuel

tank is 75 mm long, The fuel tank shielding wh|ch

seals on this pipe starts $5 ml do_nstrean of the
end of the thrust surface. Aerodynamic drag on this

$5 PJm section constitutes part of the drag on the

•cram_et.
Fue| cou|d be injected upstream of the combustion
chamber |ntakeS from .Injectors located on the

conical forehody or from Injectors vlthin the

Intakes positioned at the entrance to the combustion
chambers, in the tests described here, fuel was

InJected only from the Injectors located at the
entrance to the combustion chamberS- The upstream

Injector• sere plugged.
in each combustion chamber there Is one Injector.

Each Injector |s • 2_ orifice an&led at 30 degree•
to the centreline of the scraaJet and located

centrally at the entrance to the combustion chamher-
rue1 ts supplied to the Injectors from the fuel tank

by Deans of • pipe through the centrebody of the

scraaJet.
The fuel pressure Is ionitored In the fuel pipe as

shown In fLgura 1. This pressure and calibration

factors for the Injectors are used to determine the
Bass flow rate of the fuel. it |s assuJ_d that the

flo_ through the injectors Is choked. The •ass flov

convolution Integral,

t

y(t} " log (t°T) u(T) dT. ttl

Uhe_ the Impulse response and the output are knovn,

deconvolutlon techniques can be used to solve the
inverse problem to ftnd the time-history of the

axtal force on the model.
The Impulse res;>:nse which characterizes the system
can be found e!ther exper|menta|ly or by using

dynamic finite element ana|ysis. For the present
tests an experlLentalIY determ|ned |mpulse response

has been used This was found by suspending the
model and sting by a fine sire attached to the tip

of the conical forebody of the scraaJet. _ ulre
_as then cut close to the tip of the forebndy to

produce a sudden reBoval of a tensile load. This Is
equivalent to a step-like drag load applied at the

tip of the _el. The resulting strain gauge output

(figure 2) measured In the sting gives the step
response for the system. The Impulse response Is
then found by differentiating the step response with

respect to time.
The openlM of the fuel valve a fev milliseconds
before the arrival of the test flov added sc_e

compllcatlons to the force balance eeasuretent

technique not previously encountered, Previously

(Sanderson and Simmons (1991)) strain gauge signals

rate of the fuel Is varied by chan&Ing fllltng

pressure of the fuel tankFuel flou l• controlled by a fast acting valVe 0.| -- • • " ' ' "

|ocated between the scrasJet and the fuel tank. The O.I

va|ve fully opens In approxI,tely $ "s (depending _!
T_ FOal:_ l_ll_l_rl" TU:_II_ -O.I

0 6 J | 8 i_ It 14

ms.

The force balance used to measure the scram Jet" •
thrust Is described In detail by Sanderson and

Sl_ons (1991) a.d Involves deternln| ng the
tide-history of the force acting on the test mode|

by monitoring the axial strain o_ I long sting
• ttlched to the base of the n_del. Ul_en the flou
starts around the sodel the resulting aerodynamiC 0 ! 4

force• cause •tress v_ves to propagate and reflect

v|thln the _odel and fuel tank. These saves are

transmitted Into the sting and are _onltored by the
sir-In gaugeS. Such a system can be modelled as •

character|Zed by an Input u(t) - the
linear system _odel, an output y(t) - the
axial force on the
strain measured In the sting and an Impulse response

Eft) relatlr_ the t_o. This can be vrltten using •

Time (ms)

F/lure 2. Strain gau_e output as a fun:tim of tl_
for a unJt step load applied lo the scr_Jet nose.
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had only been processed to the point in tlu_ at

which saves that reflected froa the downstreaa end

of the stlNI returned to the measureubent location.

However, it was found tn the york of Porter et.al.

(1992) that signals could be processed beyond this

time provided that •n iupulse response was used

which included characterl_ation of these reflected

_aves. Since the opening or the fuel valves causes

an output on the strain gauge signal it bec•ue

I_perative In the present tests that slgna|S could
be deconvolved through a nusber of stress _•ve

reflections.

FUE'L D_IPTION

Inltlally, hydrogen was used as the fuel, however.

it was observed that very 11tile thrust was

obtained. It Is believed that the combustion

cha=bers are too short for the fuel to fully combust
at the condltlons targeted. To reduce the

combustion length, sllane (S|H i} was added to the

hydrogen. 13X of the fuel's volume was sllane.
Fuel was Injected at an equivalence ratio of 0.8.

A typical record of the fuel pressure Is given In

figure 3. It can be seen that the fuel pressure ls 20

constant during the test tlme. The fuel pressure "_ le

re=aims constant for approximately 3 ms, after which /_, I0

It falls rapidly as the fuel Is drained from the ,._
fuel tank It Is critical that the fuel valve Is v 14

opened so that this 3 ms period Is coincident w|th _ 12

the test flow. Ideally, the fuel pressure should
reach Its maximum approximately O.S ss before the !0

test flow arrives. If fuel is injected early then _ g

the mass flow rate of the fuel mill not be steady

and furthermore, the time-history of the strain I_ g

induced into the sting from the injection of fuel _ 4say not be fully recorded or sill be excesslvely
1on4¢. Consequently, the force on the scramJet could |

not be properly deconvolved.

Figures 3, 4, 5 and 6 display the measurements made
durlr_ the tests• Tlue t=0 on all figures

represents the same time during the tests, l_,e flow
arrives at the test section at t - 0.5 ms.

F'LO_/ pROPE_T I

In the operation of a reflected shock turu_el the

test gas Is first shock heated and is then expanded

through a contoured nozzle. The temperature of the
test 8as after it Is heated but before it is

expanded is determined uslng ESTC (Hclntosh (t968))
to be 2?00 K. Properties of the test gas in the
test section are then determined uslrqi NENZF (Lordl

et.al.(1966)}. |n the experl_nts described here It

Is assume that the test gas is in chemical

equilibrium as It expands down the nozzle, it has
been determined that, In the test section, the test

as a velocity of 2400 m/s, a density of 0.09.,,,. o,
enthalpy of the flov ts 3.3 HJ/k| and therefore is

equivalent to a flight speed of 2600 n/s.

F|g-ure 4 displays measurements lade of the static
and Pltot pressures. It can be seen that the test

flow establishes Itself approxlmate]y O.S ms after
the arrival of the first shock. Subsequently, the

f lo_ is quasi-steady for approximately 1.5 ms.
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Figure 3. Fuel pressure as a function of time.

°
0.0 0.I

, + 800

700 @Test T.me .._
600 _.o

P,tot Pressure 400

t.
200

0
too

D.
l J l 0

1,0 i.g t.O t.l

Time (ms)

FJgure 4. VaJ] _ PJIot pressure as a function of

FORCE H_S_T_

Figure 5 displays the ou'.l_Jt from the strain gauge
mounted on the stln_. The thrust produced by the

Injection of the fuel Is observed as a relatively
slo_a oscillatlon prior to the •rrlval of the test

gas. When the test flcma •rrlves it can be observed

that the output Is _re complex.

The output in Figure 5 is deconvolved using the unit

impulse response function to obtain the time-history
of the net force on the scram Jet. The result of
this deconvolutlon is displayed In Figure 6.

Figure 6 displays three such decor.volved
time-histories. These are the net forces on the

scram Jet when
(!) fuel iS Injected Into a test gas of air,

(11} fuel is Injected into • test gas of nitrogen

and

(ill} fuel is not injected and the test gas Is air.
In the latter case it can be seen that the scram Jet

experiences a drag-history which basically reflects
the slight decay observed In the PiLot pressure

(figure 4). it caJn be seen that the drag |s

]7



• pprox|mately trot25 N.

t/hen nitrogen Is used as a test las and fuel 11

Injected the drag on the scr•mJet is approximately

90:20 N. Hence. the drag ls approxlnateiy 50 N less

tb_n the fuel off test in air. There Is a slight

difference In flov conditions betveen the air and 0.6
nitrogen test gases, hoverer, the drag is reduced

primarily due to the presence of the fuel. When Qj

fuel is injected, it can be seen, prior to the ,_ 0.0
arrival of the test flou, that the fuel Induces • _,

thrust of approximately 30 N, It Is speculated that
the the resainlr_ 20 N reduction In drag results

from the different test gases and fuel air

Interactions vhich possibly change the skin friction
coeff|clents vithtn the combustion cha¢Sers.

Figure 5 also displays the dra& and thrust on the

scram Jet when fuel is In,jected into alr. It can be

seen. as above, that prior to the test flov the fuel

Induces a net thrust of approximately 30 H. As the

flow establishes Itself across the model the drag

Increases, follovlng closely the result obtained

wlth the nitrogen test gas. Houever, once the flov

is established ignition of the fuel occurs and the

drag |s substantially reduced. 200 ps after flov

establishment the thrust created by the co_.bustlon

of the fuel Is sufficient to balance tl'.e drag. | ms I00

after [lo_' estaSlishcent and during the test time _,
the net thrust is approximately 50 N. During the _ 60

test time the net thr,'st peeks at approximately 95 N

and tS a}ways greater tic.an 40 N. ,.--,
g °

CO_CLUS l ONS

-66

balance and the deconvolutionThe impulsive force

techniques described In thls paper are sufficiently r_ev -i00

advanced to measure the net force on a complicated

model. _ ' , "-160
The use or an experimentally determined unit impulse

response function has made it possible to determine

uith good frequency response the net force

time-history on a=odel such as the scram Jet, uhere
the time-history of the forces applied to the =oriel

are of the order of 10 as.

The scram,jet used |n these tests, although producing

=ore thrust than drag, viii need to be more

efficient to become viable. The technique described

above has made it possible to test nev designs In

hypersonic Impulse facilities. Thus, definitive

values {'or overall performance of scra=Jet designs
can nov be obtained relatively simply and cheaply at

hypersonic condl Lions.
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Department of Mechanical Engineering, The University of Queensland, Brisbane, 4072

Australia / _7.S }t__

INTRODUCTION

This note reports tests in a shock tunnel in which a fully integrated scramjet configuration

produced net tlu'ust. The experiments not only showed that impulse facilities can be used

for assessing thrust performance, but also were a demonstration of the application of a

new technique o_ to the measurement of thrust on scramjet configurations in shock

tunnels. These two developments are of significance because scramjets are expected to

operate at speeds well in excess of 2 kin/see, and shock tunnels offer a means of

generating high Mach number flows at such speeds.

$7.: -

THE MODEL AND TEST FACILIT__Y.Y

A sketch of the scramjet model and fuel tank is shown in Figure 1. The scramjet

centrebody, shown in streamwise section in the figure, consisted of a conical forebody

with 9 ° half angle, a cylindrical section of 51 mm diameter, and an afterbody of 10° half

angle. It was partly surrounded by a axisymmetric cowl, which had an internal diameter

of 67 nun over the parallel section of the centrebody, and was of 71 mm outside

diameter. Filler pieces, which are not shown, divided this parallel section into six

constant area combustion chambers, each of which subtended an angle of 26* at the

centreline. Fuel was injected through six orifices, each 2 mm in diameter and angled at

30* to the centreline. They were located at the upstream end of the combustion

t Research Fellow

' Professor of Space Engineering, Member AIAA
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chambers. The filler pieces between the combustion chambers extended upstream in the

form of intake compression ramps which processed the flow in the forebody shock layer

through two shocks, each of 8 ° deflection. The leading edges of the cowl were shaped to

prevent these shocks spilling from the intake, thus forming a convergent duct leading to

the combustion chambers. The radial dimension of this duct was 10 nun.

The fuel supply system is also shown in the figure. The fuel tank was Idled before a test,

and the supply valve remained closed until the test was initiated. The recoil of the shock

tunnel closed a switch to operate the solenoid valve, which opened the supply valve. As

the fuel flowed to the model and fuel injection orifices, its pressure was monitored by a

PCB piezoelectric pressure transducer. The system was designed so that sonic flow

occurred at the orifices. As shown, the fuel tank and valve assembly was shielded from

the flow by an aerodynamic shroud. In normal operation, the upstream end of this

shroud was located 50 mm downstream of the termination of the scramjet aftetbody, and

to check that this was sufficient for the shroud to have no influence on the forces on the

scramjet, a test was run with an insert to increase this distance to 125 mm. No change in

the measured force was observed.

°

The exper_ents were done in the free piston shock tunnel T4 at the University of

Queensland which had a shock tube 10 m long and 76 mm in diameter. A mixture of

Argon with Helium was used as the driver gas, and the ratio of the two was varied as the

stagnation enthalpy was varied to ensure that a sufficient period of approximately constant

nozzle stagnation pressure was maintained throughout the tests. The contoured

hypersonic nozzle used for the tests had a throat diameter of 25 mm and a test section

diameter of 250 ram, and was operated with a reservoir pressure of 37.5 5:2.5 MPa.

20



SCRAM JET THRUST MEASUREMENT IN A SHOCK TUNNEL

_ESS WAVE FORCE BALAN_C____.E

A stress wave force balance, as originally outlined in ref 1 by Sanderson and Simmons,

was used to measure the axial force on the model. They employed the method to

measure the drag on a short cone, but it has since been developed for longer cones ¢2_,

and for long cones with the load distribution imparted by a blunt nose o). Essentially, it

involves measurement by a strain gauge of the time variation of stress induced in a stress

wave bar by the forces on the model, and deconvolution of the resultant record to obtain

the net force on the model. As shown in Figure 1, the stress wave bar was attached to

the downstream end of the fuel tank, and the strain gauge was mounted some 250 mm

from the junction. The stress bar was free at the downstream end and was suspended by

wires, which did not influence the propagation of stress waves.

The relation between the force input u(t) and the strain gauge output y(t) can be written

by using the impulse response g(t) relating the two, as

y(t) : fo t g(t - _') uO') dr

Dynamic finite element computer simulations showed that the sum of the forces

distributed along the length of the model could be accurately represented by a single force

applied at the nose, so the required g(t) was obtained experimentally by vertically

suspending the model and stress wave bar by a free wire from the tip of the forebody,

and suddenly severing the wire. The resulting strain gauge response was then

differentiated with respect to time to find g(t). It was necessary to establish g(t) for a

period of several milliseconds, in order to accomodate the generation of thrust by fuel
21



SCRAM JET THRUST MEASUREMENT IN A SHOCK TUNNEL

injection before the initiation of the test flow. As the stress wave bar was only 2 m long,

and was made of brass, this implied that the impulse response included stress wave

reflections in the bar.

A c_omputer program was prepared to deconvolute the above integral with this g(t) and

applied to yield the axial force for each test_

EXPERgfENTS_

The experiments were conducted with a fuel consisting of 13% silane (Sill,) and 87%

hydrogen by volume, yielding typical results as displayed in Figure 2 _*_. Figure 2(a)

displays the pitot pressure and static pressure of the free stream measured during a test,

showing that the flow reaches an approximately quasi-steady state about 0.5 milliseconds

after first arrival at the test section, and that state subsequently persists for approximately

1 millisecond. Records of the axial force experienced by the scramjet are displayed in

Figure 2(b). It can be seen that with no fuel injection, the scramjet experiences a drag

force of 140 -!- 25 N. When nitrogen is used as the test gas, and fuel is added, the drag

on the scramjet is reduced substantially. The test conditions with nitrogen differ only

slightly from those with air, so most of the difference is attributed to the thrust due to

fuel injection alone. When the fuel is injected into air, it can be seen that, prior to

arrival of the test flow, the fuel produces a thrust of approximately 40 N, and as the flow

about the model establishes itself the drag increases, closely following the nitrogen result.

However, once air flow through the combustion chambers allows ignition of the fuel, the

thrust due to combustion increases until, during the test time, it is sufficient to produce a

net thrust on the scramjet of more than 50 N. _ .....

I
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SCRAM JET THRUST MEASUREMENT IN A SHOCK TUNNEL

The variation of the thrust with tunnel stagnation enthalpy, or with the computed test

section velocity ts) is shown in Figure 3. It can be seen that although the net thrust is

positive around stagnation enthalpies of 3 MJ/kg, it falls off rapidly with increasing

stagnation enthalpy. It is thought that this is largely due to the dissociation of combustion

proglucts in the combustion chamber. An attempt was made to increase the maximum

thrust measured by either increasing the amount of fuel injected, or by lowering the

tunnel stagnation enthalpy. In both cases unsteadiness in the flow resulted, suggesting the

onset of thermal choking.

In order to confirm that the flow in the combustors was supersonic when combustion was

taking place, pitot and static pressures were measured at the downstream end of one of

the ducts just upstream of the expansion caused by the upstream comer of the afterbody.

At a stagnation enthalpy of 3.3 MJ/kg the ratio of the two was 4.1, yielding a Mach

number of 1.75 + 0.1.

The performance of the scramjet configuration tested was not impressive, as the

maximum observed net thrust of 60 N corresponded to a fuel specific impulse of only 200

seconds. However, no serious attempt was made to optimise the configuration for net

thrust, as is witnessed by a fuel-off drag co-efficient of 0.13 at a stagnation enthalpy of 3

MJ/kg. Substantial improvements may be expected from proper attention to aerodynamic

design.
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_L_Gll.e__.grement in a 2-D scram_let nozzle - Scan Turtle

/ ??s

Supervisors: J.M Simmons, D.J. Mee

The two-dimensional thrust nozzle presents a challenging problem. The loading is not

axisymmetric as in the case of a cone and the internal flow presents sonic design difficulties. A
two-sting system has been chosen to accommodate the internal flow and achieve some

symmetry. This can be seen in Figure 1. The nozzle is 300 mm long and together the nozzle
and stings weigh 6.55 kg. The angle of the ramp walls is i 1° and the area ratio is 4.76.

The situation is complicated by the fact that with the small ramp angle and the internal

pressure on the nozzle walls, loading is predominantly transverse. Yet it is the axial thrust
which is to be measured (i.e. the tensile waves propagating in the stings). Although bending

stress waves travel at most at only 60% of the speed of the axial stress waves, the system

needs to be stiffened against bending. The second sting was originally only used to preserve

symmetry. However, the pressures on each thrust surface may be quite different at some
conditions, so at this stage the signals from both stings are being averaged as a first order

approximation of the net thrust. The expected axial thrust from this nozzle is not large so thin

stings are required. In addition to this, the contact area between nozzle and sting needs to be
maximised. The result was that it was decided to twist the stings through 90 ° , without

distorting their cross-sectional shape, just aft of the nozzle.
F'mite element analysis showed that this would not significantly alter the propagation of

the axial stress wave in the sting, while the rigidity of the system is greatly increased.

Figure 2 shows the numerically predicted response of the nozzle to a step point Wad

and the experirr_ntally measured step response to a point load. The results indicate th;it the

speed of response of the balance is adequate.
The 300 mm long nozzle is freely suspended behind a fixed scramjet combustor. A 3

mm lip at the exit of the combustor will ensure there is no flow le.akage, while simultaneously

allowing free movement of the nozzle and stings. Around the perimeter of the lip there is

approximately 0.5 mm of clearance with the nozzle. This is shown in Figure 3. The alignment
of the nozzle behind the combustor has been one of the Challenges of this experimenL

Sufficient free movement is required to measure signals of a useful duration (production of

positive thrust will accelerate the nozzle towards the combustor)- while flow leakage onto the

front face of the nozzle is undesirable.
The stings are mounted into the top surface of the nozzle ramp walls in order to keep

them out of the nozzle exit plane (see Figure 3).
Them are static pressure tappings in the ramp walls of the nozzle and a pilot rake

provides a survey of the flow at the exit of the nozzle. Combustor static pressures are also
measured, and shots are repeated with the nozzle removed in order to measure the pitot

pressure across the combustor exit. The scramjet is 600 mm long and fuel is injected from a

central planar strut.
The thrust measured via the strain gauges will be the net axial load on the nozzle. This

should be less than the thrust calculated from static pressure measurements by an amount equal

to the skin friction. Figure 4 shows how the static pressures in th_ nozzle are different on

either side for the non-combustion cases at 9 Ml/kg. The open and closed triangles represent

the static pressures on one thrust surface for mixing and fuel-off conditions, respectively. The

corresponding pressures on the opposite thrust surface are indicated by the open square

symbols. It can be seen that there is a significandy different pressure on the first half of each
thrust surface when there is no combustion. The open and closed circles depict the pressures

I:__NG PAGE BLANK NOT FILMI_
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on the two thrust surfaces when them is combustion. In this case, the pressuredisuibudon is

essentially symmcU'ical. Figures S and 6 show the strain signals measured in each sting for the

non-combustion and combustion cases just described. When there is a different pressure on
each thrust surface, a different strain is measured in sting. It is for this reason that the strain

signals from the two stings arc being averaged to obtain the net thrust. However, this is to be

further investigated.
The pressures inside the lip region and inside the nozzle shielding have been treasured

for all conditions. The flow which leaks into these regions only becomes significant

approximately 3 milliseconds after the test time.
A Mach 4 contoured nozzle is used in the experiments. In the result shown in figure 7,

the thrust calculated by integrating;the static pressure measurementson the on the thrust

surfaces is compared with the dcconvolved su'ain measurement of the net thrust for tbe cases
of air only and hydrogen fuel injected into air at approximately 9 MJ/kg nozzle supply

enthalpy. At this stage, no attempt has been made to quantify the skin friction. The gain in

thrust due to combustion is visible in this result.

Thrust Nozzle Stress Wave Balance

Combu_or

Nozzle

Sting.

Strain Gaug
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Thrust Nozzle Step Response
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Connection between Scramjet Combustor

and Thrust Nozzle

Support Wire

Combustor Up Nozzle

F_ 1.
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Static Pressure in the Thrust Nozzle
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Raw Strain Gauge Output from each Sting
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Raw Strain Gauge Output from each Sting

Pressure Loading nearly Symmetric
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Deconvolved Net Thrust & Pressure

with and without Fuel at 9 MJ/kg
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SCALING IN A SCRAM JET COMBUSTOR

M.V. Pulsonetti and R.J. Stalker ] _ _-- / / _ _ '_

Studies of scramjet combustor scaling have been extended to include testing of a "small"

combustor, thereby allowing comparison with results obtained in a "large" combustor of

nearly identical configuration. As shown in the table and in Figure 1 the scale of the two

combustors varied by a factor of 5.

It was anticipated that the combustion process would scale as the product of pressure with

length if the temperature, the Mach number, the velocity, the free stream composition and

the equivalence ratio were the same. To achieve this whilst allowing for the necessary
difference in pressure the two models were tested with different shock tunnel nozzles. The

large model was tested in a nominal M = 8 nozzle, with an intake consisting of a pair of

opposing wedges preceding the model, which produced shocks to reduce the Mach number

to approximately 3.4 before the flow entered the model inlet. It was then expanded to
raise the Mach number again. The small model was tested in a nominal M = 4 nozzle,

with the nozzle flow passing directly to the inlet of the model (i.e. "direct connect" mode).

The wedge intake for the large model was adjusted to yield similar combustion chamber
Mach number for both models. Then, by matching the stagnation enthalpy, it was possible

also to match the temperature and the velocity. The free stream composition was matched

by operating at the same nozzle supply pressure. Since the nozzle throat, and the initial
nozzle divergence angle were similar, the composition at which chemical "freezing" took

place was approximately the same, and by ensuring that this was not changed by the
shocks in the inlet of the large model, it was possible to arrange that the model flows

experienced approximately the same free stream composition.

The two combustors were of constant area downstream of the injection strut. Thus the

large combustor was of rectangular cross-section, 50 x 100 ram, and the small combustor
was 10 x 20 ram. The injector strut spanned the large dimension of each duct, and was

located in the mid plane of the duct. Unfortunately, manufacturing difficulties made it

impossible to scale the thickness of the injector strut, and the large duct used an injector
thickness of 10 ram, while the small duct injecior strut was 3 fiun thick. Since the flow

expands to fill the duct cross-section as it passes the injector exit, this difference in relative

injector thickness should not be significant.

Wall pressure distributions were measured along each of the ducts, and a comparison is
shown in Figure 2. The pressure is normalised with respect to the pressure measured at a

point opposite to the injector exit, and the distance downstream of the exit is normalised
with respect to the height of the duct. It can be seen that, when normalised in this

manner, both ducts produce quantitatively similar pressure distributions, confirming the

initial hypothesis that the combustion process would scale as the product of pressure with

length.

The flow conditions for the experiments are shown in the table. Using these conditions,

the Reynolds' number, based on duct length, was 3.7 x 10_ for both ducts. Therefore the

mixing layer was turbulenL
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When tests were done at lower stagnation enthapies the sudden pressure rise seen in

previous tests (e.g. "Scaling and Ignition Effects in Scramjets" by M.V. Pulsonetti, Figure

2, Report on NASA (;rant NAGW-674, Supplement 8, 1993) was in evidence in both the

large and the small ducts. This also scaled approximately as the product of pressure with

length. Further analysis of this data is under way.

P

T

M

U

Hs_

Large Scramjet

18.6K.Pa

1500.K

4.36

3400 m/s

1.36

= 7.4 MK]kg

Small Scramjct

91.2 K.Pa

1500.K

4.30

3200 m/s

1.27

: =r
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HYPERSONIC IGNITION AND THRUST PRO(:XJCTION

IN A SCRAIvU[T

A.Paull

Hechan|cal Ensineerlng Department

University of Queensland
St Lucia 4072 Australia.

AIAA-93-2444

Experisental results are given for the specific

impulse produced by a two-dimensional scr--Jet at

fllght •peeds ranging between 2.5 and S. 5 ka/s v|th
a combustion chamber Hach "number of 4.5. Both

hydrogen and ethane fuels were used. Results shov
that provlded sufficiently high pressures and

• ufflclently long combustion chambers are used

specific impulses in excess of 1500 s can be
obtained with hydrogen. Ethane produced specific

impulses less than 600 s wlth the same coMltions

and model configuration.

In the past ten Fears there has been renewed

Interest In air breathing engines for the purpose of

hypersonic flight. One of the _ore promising

engines Is the •crauaJet. Hany computational

predictions of a •cramJet's efficiency have been
nsde (e.g. Kerrebrock (1992)), however, there is

limited experimental data available which can be
used to validate these predictions. One of the

purposes of the experiment• reported here v_s to
obtain good experimental data which can be used to
valldAtecedesvhichpredlct the overall porformLn_e

of • scraaJet.

overall perfor..,nce of the scrauaJet is

ueasured In terns of specific impulse. It Is

geBerally accepted that •pecific Impulses In excess
of I000 S are required before •cr--Jets can be a

viable alternative to rocket propulsion.

Experiments have been performed by Stalker and

Horgan (19S4) where the Kach number at the Intake to
the coqsbustlon chamber tree nominally 3.7. They

shoved that the specific impulse peaks at a fllsht

speed of Z.2 k=/s and decreases rapidly to zero if
the flight speed i• less than 2.0 ka/s aund decreases

monotonlcally ulth Increaslr_ flight speed and Is

zero at 4.0 ka/s. Although the fill_t speed Is a
more relevant ParaJ,eter to hypersonic fllght, the

temperature of the test gas is probably more
relevant to the chemlstry of combustion. In the

experiments reported by Stalker and KorEan and the
experlDents reported here the flllht speed is
directly related to the test gas teiperature. A•

the flight speed increase• then •o does the test gas
temperature. (See table l). The flight speed at

vhlch the specific Impulse peaks In Stalker an

Horgan's results has a test gas temperature of

approximately 950 K. By using the global
approximation proposed by Pergasont (1963) for the
induction Period of a hydrogen-oxygen reaction, it

Can be shetm that the induction period becomes

exponentially large for temperatures less than

approximately IO00 [. Thus, as the coabustlon

I_ All rlptL te_rt_l

chamber duct length is finite there Is Insufficient

ti_e for the reaction to take place. Hence. the

specific Impulse drops to zero simply because the
fuel has not burnt.

At higher temperatures the decrease In specific

impulse does not primarily result from incomplete
combustion due to Insufficient combustor length, but

Is the result of a decrease In heat released. As

the free •tream temperature Increase• the percentage
of water formed when the reaction reaches

equilibrium, decreases. Therefore. there I• less
heat released at the higher temperature•. As a

result, when the freestreaus temperature rises there
l• less enerly available for thrust production and

therefore the specific Impulse decreases.

The scramJet Is _ost efflol,t when the

temperature at the Intake to the cou_)_tor is the
lowest which can produce combustion within the

length of the coabustor. Thl• Deans that for
reasonable size combustors the temperature at the

intake must be malntalned near IOOO K. Therefore.

as the flight •peed Increases. If the peak

efficiency ls to be -_lntained, the Kach number at
the entrance to the co_Lbustlon chamber must

Increase.

The maln elm of the experiments reported here

was to determine the •pecific lmpul•e as a function

of flight •peed (or temperature) mt s Hech number

greater than that used by Stalker and Horgan. A
l_chnumher of noalnally 4.5 vii chosea.

____L_erlnentDescriptton

• The ex1>erl_ents were tmdertaken la the free

pl•ton shock tunnel T4. FllSht speed• rathe fro_ 2. S
ka/s to 5.5 ka/s. the Hacb number at the Intake of

the combustion chamber _ras nominally 4.5 and Intake

static pressure ran_ed fro_ :30 kPa to 120 kPa. The

tunnel yes driven so that the static pressure and

14ach number were steady through out the test time.
The test time ranged from ! to 2 ms depending on the

test conditions. Flow properties at the Intake to

the combustion chamber uere monitored by moasurlng

the static and PILot pressures. The re-=In|ms flov

properties at the Intake were determined nuserlcally
from the non-equlllbrl,m codes HID4ZF (Lordl

et.al.1966) end _ (Hclntosh 19_J). Table 1.

displays the condition• at the Intake to the
combustion chamber for each experiment as predicted

using theses codes, l_e test gas yes air.

The •cramJet_onsisted of a combustion chaaher
folloved by a 11 divergent section as sho_n In

figure 1. The •cram]eL co_bustlon chaaher had •

rectangular cross section of dimensions 27 ,-- x 54.5
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Figure t, Schematic of scramjet co_stor and

thrust s-mr[ace.

=a. The combustion chasher was 576 lea long. The

fuel Injector ms 5" thick and located in the
centre of the duct as shotm in fliure 1. The exit

plane of the injector uas located 83 as downstream
of the leading ads • of the combustion chamber and

the fuel was always Injected downstream throu8 h a

supersonic nozzle. The leadlng edge of the InJector--
tnts 73 as upstreu of the entrance to the coebustlon

chamber.

Static pressure measurements were taken along

the centreline of the wider wail. Heasurements were
taken at the exit plane of the injector. 30 as and

tO as upstream of the corrwDr to the thrust surface

and every 20 as deem the thrust surface. The

transducers were mounted In Dounts designed to

suppress noise induced by vibration of the model.
Heesurements were taken from each transducer every 3

Fs.

Experimental Analy_

The thrust or force produced In the upstream

direction was determined free the wall pressure

measurements made on the thrust surface. It was
assum_'d that the pressure measured at each location

yam equal to the pressure over a rectangle with

dimensions 20 as x 54.5 " centred on the point at
which the measurement was -u, de. The total forward

thrust yam obtained by susmlnql the total force on
the thrust surface as determined from the pressure

measurements at say one tlas and determining the

ccGponent o_ this force In the _pstreaa dlrectton
(i.e. sin(|| ) x total force).

The efflclenCY of the scraaJet iS measured In

terms of the _peclflc Impulse. The specific

Impulse, AI, is defined as

AI = AT/I/| (1)

where AT Is the trust Incre_nt produced by the

Injection and burning of _he fuel/ i Is the mass
flow rate of the fuel and 8 9.8 w's .

The thrust Increment is obtained by subtracting

the thrust produced when fuel Is injected (fuel-on)

frcxm the "thrust" produced vhen fuel Is not injected

(fuel-off). There Is some variation in the
conditions between the fuel-on and fusl-off runs.

To take account of this variation In conditions the

thrust Is first _orealized by the pltot pressure and

the dlff•rence between the normalized thrusts Is

obtained. To obtain the correct dlmensionallty this

difference Is then multiplied by the pitot pressure

from the fuel-off run. Thus.

AT = rerr Pert

The flow properties displayed In Table I are the

flow properties of the fuel-off run. The flow

properties of the fuel-on run were within lO_ of the

fuel-off properties.

The Incremental specific Impulse Is an estimate

of the specific impulse produced by • complete

scraaJet. That Is. a scramJet which has an intake,
In •ddition to a combustion chamber and thrust

surface. This estimate is exact If there are no

loses due to friction and the wave dram Is reduced
to zero. The Incremental specific Impulse Is a good

estl-_te If the frictional loses are small and the

Intake, combustion chamber and thrust surface are

designed to minimize wave drag.

Experimental Results

Figure 2 displays • typical record of the

static pressure during the duration of the flow.
Fuel was Injected at an equivalence ratio of one.

This particular record Is the pressure measured 29
as dovustreamof the corner. The test tlue has been

marke_...

Figure 3 displays • typical distribution of

pressure durlns the test time.st the end of the
combustion chamber and along the thrust surface vheo
fuel is injected. The distance displayed on th_

x-axis iu the wetted distaocs downstream of the
combustor Inlet. The beginnlr_ of the thrust

surface occurs.at 575 u. It can be seen that there

iS a drop In pressure downstream of this Point

followed by 8 rise and • steady decrease to zero.

The rise Is also present in the fuel-off case.

he,ever, It Is greatly reduced. 1he primary cause
for this rise is the combustion of the fuel.

Figure 4 displays the thrust as a function of

tlme for a typical fuel-on run. It can he seen that
the thrust slowly rises then plateaus (to within

5X). The slow rise Is reflecting the traversal of

the shock down the thrust surface. The trust

measurement Is taken in the plateau region.

In the experiments presented the incremental

speclflc Impulse yam determined as a function of

flisht speed for both hydrogen and ethane fuels.

I_-drogen Fuel Results _

The hydrogen fuel was Injected at mass flo_

rates which produced equivalence ratios of a half

and one (stotchtometric). The specific Impulse was
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FilFro 3. Typical static pressure distribution at
the end of the coatmstlo_ ch_eber and along the

thrust surface.

obtained at etch flight speed for two nominal Intake

pressures, 35 kPa imd 100 kPt. although there wit
cons lderable variations in pressures for each

no•trail condition, (see Table 1). These tvo nominal

conditions will be referred to as the low and high

pressure conditionS, respectively. Figure S
displaYS the results of these ex-perl._nts.

It can be seen froe figure S that for an

equivalence ratio of one and at the high pressure
condition the general feature of the results art

sl-llar to those obtained by Stalker and Horgan,

wh|ch are also displayed on figure S. The major
difference being that the peak specific Impulse has

decreased from 1800 s to 1600 s ind, as is expected,

the peak specific Impulse Is It a greater flight

speed at the higher Math ntmber. The freestreas
temperature at the peak specific impulse at a Hach

number of 4.5 is approximately 800 K. which Is

slightly lm,er than that recorded by Stalker and

Horgan (9 r_ K} for the lo_er Hach n_r coalition.

These results are also qualitatively consistent

pith the calculations made by Kerrebrock (1992).

There has been no attenpt st thls stage to

quantitativelY cool're the predictionS made by
Kerrebrock alth these experimental results.

At t.._" low pressure condition It can be seen

that at am equivalence ratio of one the sharp peak

tn the specific lapulse vhich occurs at the hljO_r

pressure .o0odltl_ doeS.pOt.Occur. _8_kJlt)oa. the
highest value of specific lmpul_ iS Spproxlgmtely
half that at the higher pressure coodltlon. This is

believed to be the result of Incomplete burning of

the fuel. At the louer pressures there is

lnsufflclemt length In the coabustloa cha.her for
either combustion or mixing of the fuel and air to

occur.

At an equivalence ratio of a half the trends

are similar to those observed at an equlvale_

ratio of m_e. However, It can be seett that the

specific lsq)ulse produced at the lmmr equivalence
ratio Is generally higher. This Is believed to be

the result of • greater percentage of the fuel

burnlr_ to font water. It is unclear at thls stage

If this is caused by better mixing or IS • kinetic

effect or both.

Ethane Fuel Results

Flgur_ $ also displays the sp_lfic Impulse

produced by ethane fuel vhen InJected at the hlgh

pressure conditions. Ethane vas injected through
the same InJector used for the hydrogen fueled

exper l_nts.

The fuel was injected at a mass floe rate vhlch

produce a_ equivalence ratio of t half. It can be
seen that in this model a relatively seall specific

laicise ls produced by the ethane. Xotaever,
previous _x-perlNnts presented by Paull (1992)
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FigUre 5. Specific Impulse as a function of fJJ&ht

speed at combustion chamber Intake tfach number of

4.5.
• Co_ustlon cha;_ber intake lfach nuM#er o[" 3.7.

Indlcate that the length of a combustor required for

ethane fuel is considerably longer than that for

hydrogen. Her_'e. It is not surprlslng that • poor l

specific Impulse uas obtained using this model. H,AI

';9n¢ lu$ Ions Hi

The cha_* In speci/'lc tap_sm utth (lisht P

speed at • combustion intake 14ach number of 4.5 ahoy P
similar trends to that observed at lover 14ach T

n,--bars and are qualitatively similar to the trends T

predicted using k|netic theory for a hydrogen fuel. UV

Eydrosen fuel preduces a lira•tar specific

Impulse that ethane In the combustion chamber used _t
in these experiments. This Is the result of tto.s

incomplete combustion o£ the ethane.

This york was funded Jointly from the

Austral lan Research Council ar__ NAgA Langley
Research Centre. The author also --vlsh to
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V Hs

_n/s HJ/kl

2.8 3.9

T P P M U

K kPa kg/m3 kn/s

toy Pressure Runs

700 35 O. 189 4.5 2.4
0.9

2.9 4.3 870 30 0.11 4.4 2.6 1.0

3.3 S.3 1020 28 0.09 4.5 2.8 1.0

3.5 6.2 1230 30 0.09 4.4 3.0 1.0

4.2 8.8 1590 35 0.07 4.3 3.3 0.9

4.9 11.8 2370 39 O. OS 4.3 3.8 1.0

iigh Pressure lhJns

2.6 3.3 630 72 0.40 4.6 2.3 1.0

2.8 3.8 760 76 O. 3S 4. S 2. S I. 1
2.8 3.9 800 94 O. 40 4. S 2. S 1.0

3.1 4.9 960 77 0.28 4.5 2.7 1.0

3. S 6.1 1270 8"7 0.24 4.4 3.0 0.9

3.7 7.4 1S70 103 0.22 4.3 3.3 0.9

4.6 10.6 2530 121 0.16 4.2 3.7 1.0

5.2 13.7 3040 110 0.12 4.4 4.1 1.1

Table 1. Free stream properties of the test gas at

the entrance to the co_stor vhen [ueJ va$ not

injected, flydrogen vas used as fuel for both the

high and lov pressure conditions at _=_1 and I1,_1o. s-
Ethane vas used at the high pressure condition at

4-0.5.
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8.0 CONCLUSIONS

From a survey of the literature, iitll¢ work was found on high cnthalpy supersonic

parallel central injection flows, downstream of the potential core. Of the work

reported, most dealt with ignition or reaction lin'6te..d flows. A detailed study was

undertaken into the effect of fuel injection parameters on the mixing and combustion in

a constant area duct with mixing limited high enthalpy flows. Transverse injection

experiments were also performed for a comparison.

The CFD parameter study showed that the wall pressure generated was mostly

dependent on the stagnation temperature. This was because the temperature had a

direct effect on the fuel velocity which was the most important parameter in generating

turbulence. The mixing rate was virtually independent of the stagnation pressure of the

fuel as it has little effect on the fuel velocity.

The displacement effect of the miring layer on the pressure rise was studied. It was

found that by reducing the area of the duct by the combined displacement thicknesses

of the mixing layer and boundary layers, that the pressure could be predicted. The

effect of heat addition was found to increase the displacement thickness by lowering

the density of the mixing layer.

The effect of mass addition through boundary layer growth and mixing layer growth

was found to be equally important to generating pressure.as the heat addition from

combustion. It was found that an incremental increase in displacement thickness

produced a different amount of pressure rise depending on how close the total

displacement thickness was to the height of the duet.

From examination of the literature, it was concluded that the effect of increasing the

fuel stagnation.temperature was its effect on the fuel velocity for mixing limited flow,

and its effect on ignition for reaction limited flows.

From the results, only four runs had problems with ignition delay. These were all with

cold injection. Heated injection at the same free stream conditions reduced the ignition
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delay by a leastan order of magnitude. This was consistent with the observations from

Neer and Drewery [1975] and Huber et al [1979].

Increasing the fuel stagnation teml_rature increased tile velocity of the fuel stream.

This decreased the velocity differencc between the fuel and air streams which in turn

reduced the mixing. This was consistent with the wall injection experiments of Hyde et

al [19901

Tile CFD results showed that the duct was very n'fixing controlled. The highest overall

efficiency occurred with slow fuel injection, which increased the mixing efficiency and

cold air conditions, which decreased Ihe flame temperature and decreased the fraction

of dissocialed reaction products.

The velocity and density profiles showed that as the fuel stagnation temperature

increased, the velocity gradient decreased and the mixing rate decreased. The

decreased mixing decreased the displacement thickness and resulted in a lower

pressure rise.

The different pressure rises between air conditions with the san'¢ amount of mixing

was explained by exanfining the displacement thickness. The different mass flow rates

of air for the different conditions resulted in different areas under the pu profiles. For

the same mixing layer width, this caused an increase in the displacement thickness with

larger mass flow rates and a decrease in displacement thickness for lower flow rates.

In conclusion, the highest duct exit pressure was with low cnthal W air and low

enthalpy fuel. This condition was close to the ignition point. Increasing the fuel

temperature decreased the ignition length but also decreased the mixing rate.

8._ Duct lleight Effect

It was concluded that if we know the relationships for the displacement thickness of a

nfixing or eombusting jet and for the boundary layers in a duct we can calculate the

pressure in a duct of any height with the same jet by simply reducing the area of the

duct by the total displacement thickness. If the growth rate of the mixing layer and

boundary layers is small so as to not produce strong shocks, then the pressure can be

calculated by one dimensional isentropic theory.
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It was concluded the combined effect of mixing layer displacement thickness and

boundary layer displacement thickness that causes the change in pressure between

ducts of different sizes.

_,4 Equ|valence R atioEff_e,_cA

Th6 pressure results show that the rate of wall pressure rise grows linearly to an

equivalence ratio of 0.65 and then changes slope. The rate of pressure rise then grows

linearly from _---0.65 to _=2.4. The rate of increase of displacement thickness with

equivalence ratio of the ak+fuel experimental and CFD results after _--0.65 was the

same as the nitrogen+fuel. This suggested that the further increase in wall pressure

after _=0.65 was due to mass addition rather than heat addition. This was supported

by the temperature of the duct exit which peaked at _--0.75.

Increasing the mass flow rate of fuel decreased the amplitude of the experimentally

observed pressure fluctuations. This was consistent with the observations of Gilreath

and Schetz [1971] and SuUins and Anderson [1982].

Increasing the mass flow rate of fuel caused an increase in ignition delay. This was

consistent with the observations of Synder et al [1965] and Huber et al [1979]

The CFD mixing efficiency increased as mixture became more fuel rich or fuel lean.

This was consistent with observations by Northam and Anderson[ 1986].

__.Cgu_ggison of Transverse Injection and Parallel lnjecfioq

Transverse injection experiments with cold and heated fuel injection showed little to no

effect of fuel stagnation temperature on the duct exit pressure. The heated injection

created a much greater disturbance to the oncoming flow resulting in large fluctuations

in the measured wall pressure near the injector. This is consistent with the work of

Charns and Collins [1970] who reported that the stagnation temperature had no effect

on mixing but increased the radius of the bow shock formed by the jet.

When the waves were normalised by dividing by the nitrogen+fuel runs, the

proportional pressure rise showed remarkable similarity between all fuel and free
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strcam conditions.

conditions.

An ignition length of approximately I50mm was recorded for all

When the transverse injection was compared to parallel injection with the same fuel

and air mass flow rates, similar pressure rises were found. This was consistent with the

simple mixing theory of Northam and Anderson | 1986].

The longer ignition times of the transverse injection with cold walls and cold fx_el were

consistent with the observations of Huber et a!]1979].
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6. SCRAMJET COMBUSTION SURVEYS

6.1 INTRODUCTION

For reasons outlined in Chapter 1, supersonic combustion of hydrogen has received new

interest in recent years. As a result, the amount of research literature devoted to the feasibifity,

design, and performance of supersonic combustion engines has reached the level where entire

books are dedicated to the review of current research. It is not feasible to go into detail on

seramjet design here and the reader is referred to Murthy and Curran (1991) for a review of

the topic. The purpose of this chapter, then is to present concentration measurements taken

with the mass spectrometer across the fuel jet downstream of a parallel injector in hypersonic

air.

Scramjets are essentially simple in geometry because the energy associated with

hypersonic flow can bum through thin or intrusive elements of the engine. Because of the

inherent simplicity of shape, scramjet combustors can be modeled for experimental studies at a

reduced scale and well approximated by rectangular ducts (Stalker and Morgan, 1984).

Extracting optimum performance from the engine relies upon maintaining control over the

mixing, and stabilizing the combustion in a short region upstream of the thrust surfaces,

(Stalker, 1991). The control of the mixing and combustion can principally be achieved through

the means of fuel injection, making the study of jet mixing important for scramjet design.

6.1.1 Parallel Injection from a Strut

Four principle means of injecting fuel into the supersonic air flow have been proposed for

scramjet engines:

1. Parallel injection from a strut or struts in the free-stream;

2. Parallel injection from a slot in the wall of the combustor chamber;

3. 'Vectored' injection from orifices flush mounted in the wall but inclined to the

flow direction; and

4. Transverse injection from orifices in the wall of the combustor.

Of these methods, parallel injection from a strut is the simplest and the obvious starting

point for a mass spectrometric analysis of supersonic combustion. This is because the model is

two-dimensional and has the simplest geometry with no wall effects.

Parallel injection from a strut involves passing hydrogen through the downstream end of

a long narrow injector aligned parallel to the air flow direction (Figure 6.1). The two co-
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2.18 CHAPTER6

flowing streams then mix al a rate that is dependent on the velocities, densities, compressibility,

initial turbulence of each gas stream, and the reaction rate of the mixing gases.

Fcrri, Moretti and Slutsky (1965) first noted that if the temperatures were high enough,

then as the fuel and air mix diffusi,.'ely, the rate of reaction was controlled by the rate at which

the diffusive mixing of the hydrogen and oxygen occurs. This is known as a 'diffusion

controlled flame'. An alternate form of the diffusion controlled flame in supersonic flow occurs

when the fuel rrfixes at lower temperatures and densities so that the ignition is delayed. In this

ease, after, ignition, the diffusion of heat through the premixed gases controls the rate of heat

• release and the location of the reaction region.

The advantage of strut injection, as opposed to parallel wall injection, is that the fuel is

introduced into the centre of the free-stream so that the fuel jet mixes on both sides and the

flame front is kept away from the engine structure. Experiments have shown that where lhe

flame front intersects a ,,,,,all there is much increased local heat transfer, (Kanury, 1975).

Experiments in shock tunnels have also shown that the combustion pressure rise from parallel

,.,.'all injection is lower than parallel strut injection, (Stalker and Morgan, 1984). The major

disadvantage of the strut in the free-stream is the heat transfer to the strut. Transverse

injection from an orifice forms a complicated, three-dimensional flame structure which has a

faster n-fixing rate but may cause too rapid a combustion at low hypersonic flight speeds.

Y,

Frcc-strP_m

Air flow

Initial

Velocity
Profile

xFuel

Injector

Figure 6.1 Parallel Fuel Injection in a Supersonic Flow

6.1.2 Theory of Supersonic Mixing and Combustion

Understanding of the physics of supersonic turbulent mixing has so far been mostly

driven by empirical results. The equations of motion of compressible turbulent shear layers are
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so complex that, as yet. no analytical solution has been found. Numerical simulations are also

ct,rrently unable to adequately predict the behaviour of the turbulence in highly compressible

flov,'s. Incompressible. consta,_t density modeling of parallel injection has been successful at an

analytical lcvel by using simplified parabolic equations and simplified transport properties,

(Schlichting, 1968; Weinstein, Osterle and Forstall, 1956).

The success of the incompressible solutions for velocity has led some researchers (l..ibby

and Schetz, 1963; Cassacio, 1964; Zeiberg and Kaplan, 1965) to attempt to account for the

change in density throughout the flow field by transforming the incompressible plane to the

compressible plane using co-ordinate stretching techniques based on the local density. The

success of this technique has been limited in hypersonic flows, even in the absence of chemical

reactions, (Casey, 1991). Principally, the conclusion drawn from this lack of success is that the

compressibility and the variation in transport properties are, in themselves, important to the

production of turbulent mixing (Dimotakis, 1991). Brown and Roshko (1974) found that gas

compressibility was a more critical influence on the growth rate of the mixing region thickness

than the dcnsity ratio between the two streams. Currently, the knowledge of supersonic jet

mixing relies upon empirical correlations and therefore further experimental research in

previously unexplored flow regimes is a valuable aid to further understanding.

6.2 EXPERIMENTS ANt) RESULTS

In order to examine the amount of mixing and reaction of hydrogen injected into a

hypersonic air stream, the mass spectrometer was used to measure the species concentrations

at several transverse locations downstream of a hydrogen jet. For the same experimental

conditions, at the same location, the pitot pressure was measured, to compare the momentum

flux jet thickness with the concentration jet thickness. Generally, the peak definition of the

spectra produced by the mass spectrometer for these experiments was superior to any of the

previous experiments, although the higher densities sometin_s caused arcing between

electrodes.

6.2.1 The Experimental Test Flow Conditions

Four different nominal test conditions were used. That is to say that the initial shock

tube conditions were identical for experiments at each condition, but there was a small spread

in the final calculated test conditions. These experiments were performed with 5 nma

diaphragms in the shock tunnel in order to produce sufficient levels of static pressure for

combustion to occur. The specific enthalpies of the four conditions are listed in Table 6.1

along with the conditions in the test gas _culated using NENZF. These conditions were

chosen because they covered the range of flight speed from 3.4 kin/see to 4.9 kin/see which

might correspond to Mach 5.5 combustor flow (see Figure 1.2). Since the Mach number of

the flow through the combustor was Mach 5.5, the static temperatures of the flow ranged from
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i000 to 1700K, which was the expected range of optimum temperature in the combustion

cycle. The densities chosen were the highest obtainable at which the mass spectrometer could

be made to operate, givcn the problems encountered with the arcing and spreading of the

peaks. These densities ranged around 0.05 kg]m "_.

The expected contamination levels of the test gas at these conditions ,,,,,ere, based on

measurements of Chapter four, less than 10 % by mole fraction. The exception was the

highest enthalpy condition which was expected to have a contamination level of around 10 %

by number. At the highest nominal enthalpy of 12.5 MJ/kg this may have reduced the effective

specific enthalpy to around 11.5 Ml/kg, based upon the room temperature specific heats of

helium, argon, and air. As the influence of the driver gas could not properly be incorporated

into the calculation of the nozzle flow, the non'final conditions are used. As the mass of the

helium is ver_' small, the influence of the contan'fination on the energy balance in the flow was

not large but the transport properties could be altered. It was possible that the reduction in

temperatures and pressures caused by the loss in enthalpy could be off-set by an increased

release of internal energy due to recombination in the nozzle flow. It was really only a concern

at the highest nominal enthalpy condition.

The stagnation and static pressure of the test gas in flows produced by the shock tunnel

varied with time, so that in the interval of 0.5 to I msec after the start of flow, the stagnation

pressure generally fell slightly. The amount of this variation was kept to a minimum by the

addition of argon to the driver gas (Jacobs 1993), but the pressure was still not exacdy

constant. The variation can be seen in Figure 6.2 which shows the Stagnation and pitot

1000

,_, 800
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400

o 2.00 .z
"- t

01
0.25 0.5 0:/5

Time after rise in Pressure (msec)

5O

3O

20 _...

I0

,0

I

I------'-- _Pitot Pressure _ Stagnation Pressure

Figure 6.2 The Variation of the Pilot Pressure and Stagnation Pressure
with Time for a sample run at Conditlon D (Run 114)

(The test time is defined from 0.5 to !msec and the stagnation pressure has been delayed by
0.19 msec to allow for flow starting)
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pressure as a function of time from the start of flow to thc end of the defined test region of

flow. The variation in the stagnation pressure and the pitot pressure is included in Table 6.1.

having been obtained from the change in the mean level of the flow as obtained from the line of

best fit through the data for the test period. Generally the change in pressure level was less

than 10%. The duration of the test period corresponded approximately to 3 passes through the

model, so the v_iation during a single pass was negligible in this instance.

The NENZF calculations were obtained without taking into account the nozzle boundary

layers, or, for the highest enthalpy condition, the possible contamination of the test flow.

According to the results of Chapter 5, this meant that the NENZF calculations probably over-

estimated the levels of atomic oxygen and underestimated the levels of nitric oxide. To

examine the influence of the non-equilibrium chemistry, the nozzle flow calculations were also

performed with equilibrium chemistry for each of the four test conditions. These calculations

gave a static temperature and static pressure higher than were obtained in the non-equilibrium

case where the dissociation absorbed some of the energy of the flow. Non-equilibrium

calculations could not be performed for Condition D due to limitations in the chemical

modeling in NENZF.

Table 6.1 The Ex

Shock IL

,imental Test Flow Conditions

Condition B liflon C

I%Atg3_Hc %Ar?7%He

12.9

l0

Total

uilibrium Calculation 5.2 5.4 5.6
Mach number
Temperature (K) i'/50 1340 1050

Static pressure (kPa) 19.4 17.6 15.8
0.037 0.045 0.052

Density 3840 3550
Velocity (m./_ec)

of sound (m/see) 819 716 631

Ratio of specific heats ! .32 i.32 1.34

Pilot pressure (kPa) 625 615 605

4.8

_278

24

4358

Mach

Velocit

t266

17.6

599

D

40.3

II.I

5.6

4150

761

15.1

0.069

3119
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The measured pilot pressure and static pressure for each of the conditions are also gt_,_a

in the data. These two quantities represented the only experimental verification of the

calculated conditions from the test section other than the use of the mass spectrometer. The

measured pressures were lower than the calculated pressures although the fractional difference

was within the combined errors in the two values.

6.2.2 The Experimental Model Configuration

The injector and duct geometry used in these experiments are shown in Figure 6.3. The

model was designed by Buttsworth (1994). The duct internal measurements are g0 mm bide

by 164 mm high. This meant that the maximum radial location of the nozzle exit flow entering

the duct was 91 ram. The actual test core had a radial extent which had not properly been

quantified but based upon the calculations used by the designers, had a radial extent of 72 ram,

83 mm downstream of the exit plane of the nozzle (Jacobs, 1993). The location of the nozzle

exit plane with respect to the inlet of the duct was 40 mm upstream (i.e. 197 mm upstream of

the injector exit). Some of the flow was therefore not part of the test core of the nozzle. The

results of pitot pressure measurements in the exit plane, however, have shown that the velocity

and density do not vary greatly outside the test core and that the model should not suffer

extremely because of these variations.

The large size of duct was chosen to avoid complicating problems with boundary layers

which have occurred in duct studies in the past (Casey, 1991). The large duct also provided as

close a simulation of a free-jet as was possible. The width represented the largest injector

which could reasonably be used to provide a uniform flow, and the height was chosen by

Buttsworth (1994) to accommodate a shock producing wedge to study shock induced mixing

and ignition in high energy air flows.

Mca.,.uremcntIocation_. 0. S. 10.15. _ mm fromC¢_;r_nt

Figure 6.3 Diagram of the Scramjet ,

(The dotted lines show the trajectories of Mach waves from the leading edges
in a Mach 5.5 flow)
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As the ratio of the height of the duct to the duct width is 2:1. the duct cannot be said to

be truly two-dimensional. To produce a two-dimensional free-jet in the shock tunnel test

region was not a possibility however, and this configuration represented the best

approximation. The jet may reasonably be considered as free in the transverse direction since

the distance to the injector from the walls in this co-ordinate gave a line of influence traveling

along a Mach line which intersected the centre of the duct at 370 mm downstream of the

injector. This meant that the influence of the upper and lower walls would, at most, be a single

weak com'pression wave from the boundary layer growth. Reducing the height of the duct

would allow these waves to reflect across the duct several times in an equivalent distance.

This was what, in fact, happened in experiments by Casey and he reported this as one of the

major drawbacks of his experimental model.

The strongest wave present in the duct would have been the ,,,,'ave originating from the

front of the injector on the inclined side to the flow. This wave would have been able to reach

the centre of the duct after reflecting off the upper wall in the distance beyond which the

concentration measurements were taken. The effect of the injector therefore, was n_nimised

by having only a short length for the growth of the boundary layer, whilst also avoiding the

problems of the bow shock interfering with the mixing of the flee-jet injection. The only

influence which the injector strut provided was the slight mismatch in pressure in the two

streams because of the different strengths of the shocks on either side.

The injector strut, being 152 nun in length and 7.59 mm thick, is shown in Figure 6.4.

For reasons to do with the experiments performed by Buttsworth, the injector strut was

asymmetric, having an angle of 6.6 degrees on one side and 0 degrees on the other. The result

of the asymmetry was to produce a slight mismatch in the static pressures on either side of the

injector. This was calculated by Buttswonh as being of the order of 0.1% difference. The

measurements were taken on the side of the injector which did not experience the bow shock

off the 6.6 degree wedge.

____d_
6.6 dcgre._

( -_-.__

J"- _ J 7.59 mmJ
152 mm

Figure 6.4 Diagram of the Hydrogen Injector

Hydrogen was supplied to the injector from a Ludwieg tube 25 metres in length with an

internal diameter of 25.4 mm. The hydrogen was released from the Ludwieg tube by a high

speed valve actuated from the injection pressure, (Stalker and Morgan, 1988). The opening

time of the valve was about ! msec. Measurements of the dynan'fic pressure between the valve
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and the injector showed that peak pressures were reached around 3 msec after the valve

opened. The valve was opened 8 insec prior to the arrival of the test flow and was triggered

off the recoil of the tunnel produced by the piston motion in the compression tube. At the time

when the test flow occurred, the pressures measured by the dynamic pressure transducer had

fallen by 8% from the peak values.

The hydrogen ,,,,,as expended through a contoured nozzle to a Mach number of about 3.

The thickness of the throat was 1.74 mm and the height of the injector exit plane was 7.21 nun.

The rear'ends of the injector were each 0.19 nun thick.

The conditions in the hydrogen jet were obtained from calibrations performed by

Buttsworth (1994). Buttsworth measured the pitot pressure at the exit plane of the injector

and at the throat of the injector for a range of reservoir fdling pressures and obtained empirical

curves for the static pressure of the fuel jet as a function of the reservoir pressure. This

empirical relation ',','as required to account for pressure losses in the flow from the Ludwieg

tube to the injector. The area ratio of the injector nozzle was 4.14, which determined the

Mach number and assuming a total temperature of 296K, gave a static temperature and

velocity which were independent of the injection pressure. The theoretical Mach number from

the area ratio was 2.98 while the pilot pressure measurements gave a Mach number of 3.02.

The conditions in the exit plane of the hydrogen injector are given in Table 6.2.

Table 6.2 The
Condition A

Conditions in the Exit Plane

Mach number

-
"-_-_alic-pressure (kPa)

Velocity (m/_____----_

ofsou L_------
Pitot ressure kPa)

Conditions after Compression to

Free.Slream Pressure

Mach number

Tern rature K)

$taticp_
Densit m_

-- Velocity _).------------_

-Sed of sound m/sec

Pitot pressure (kPa)

Conditions in
Condition B

97.5 97._.._5
10.,1 9.9

0.025
o.o26

75O
136
7.21

2.8

117

t9__ 6 __
0.04 I

2280

823
195

4.8

the H_,drogc n Fuel Jet

Condition C

_31t9
97.5

7.84

2390

75o 7s_o
130 102

2.8
114

16.7 ___

0.036

810

t75
5.2

2.9

113

12.9
0.028
2310

8O6

137

5.3

Condition D

_.19_

97.5

6.46

0.016

2390
75O

85

2.8

!14

0.024

2300 _
812

115

5.1
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The injector pressures t, sed were supposed to approximate the static pressure of the free-

stream, but this was not achieved in practice. The free-stream static pressure was generally

higher than the static pressure of the hydrogen jet at the exit of the injector. The physical

result of this mismatch ,,,,'asan expansion of the free-stream gas and an associatcd compression

of the hydrogen jet at the end of the injector. The effect of the pressure oscillations

propagated away from the injector and in the current geometry, after the initial perturbation

played no further influence on the mixing at sufficient distance downstream. The need to

adjust the state of the hydrogen led to the assumption that the conditions in the hydrogen jet

and the effective jet height could be found by assuming an isentropic compression from the exit

conditions to the free-stream static pressure, and that the adjustment took place in a distance

which was negligible compared with the distance to the n_easurements. The adjusted

conditions after assulning isentropic compression to the free-stream pressure are also included

in Table 6.2.
The profile of the injection wake was measured 500 mm downstream of the injector

which represents 66 injector heights downstream of the injector exit. The transverse locations

of the concentration measurements were 0, 5, 10, 15, and 20 mm as measured from the centre

of the duct. The distance from the injector and the possibility that the flow was not parallel

introduced the possibility that the centre of the velocity profile from the injector did not occur

exactly at the location of the centre of the duct. This was examined by the pitot pressure

measurements.

6.2.3 Measured Pitot Pressure Profiles

To compare the velocity profiles across the mixing region with the concentration

profiles, and to obtain the value of the spreading coefficient, the pitot pressure was measured

for each of the four experimental conditions. This was achieved using a rake of in-line

transducers connected behind a stainless steel iubing of 2.65 mTrnexternal diameter and 2.04

mm internal diameter and spaced 5 mm apart. The rake is shown in cutaway in Figure 6.5.

The transducers used for these measurenacnts were PCB l12A piezoceramic type transducers,

which are standard instrumentation for shock tunnels. The manufacturer's calibration was used

for the sensitivities of the individual gauges but they were adjusted slighdy by a relative

calibration technique (Stacey, 1989). The same pressure (~ 75 kPa) was applied to all gauges

simultaneously and the relative calibrations were adjusted until the measured pressure as a

function of time co-incided. The average level of the measured pressure was not changed and

the corrections to individual gauge's sensitivities were only a few percent at most.

Absolute calibrations were not obtained by this method as the error in the measurement

of the calibration pressure was 15%. This error was the result of the absolute error in the

Bourdon gauge used to ftll the calibrator and the change in pressure caused by the expansion

process in applying the calibration pressure. Additionally, as the measured levels in the
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experiment b-ere in order of magnitude larger than could be obtained in the calibrator, the

value of 75 kPa was not used to provide an absolute calibration.

The signals provided by the pitot pressure rake in the mixing region ,,,,.ere quite noisy.

Examples of the unfiltered pressure sign,'ds sampled at a rate of I MHz are shown in Figure

6.6. The time shown is from 0.5 to I msec after the start of flow. It is likely that the noise

was not a representation of the turbulence of the now, but instead the resonant oscillation of

the caviW ahead of the transducer. The dimensions of the transducer cavity were 2 n'un

diameter with a total length of 2"/.5 mm length, of which the initial length was 21 ram. Using

the calculated free-stream speed of sound of 600 to 800 m/see, these dimensions gave resonant

frequencies of 300 to 400 kHz, 22 to 29 kHz, or 28 to 38 kHz. "l'he observed don_nant

frequencies were approximately 30 kHz, which corresponded to the lower predicted

frequencies for longitudinal resonance. This was also supported by the observation that the

pitot pressure in adjacent gauges followed each other for much of the test period. Were the

oscillations of the order 30 kHz to represent genuine free-stream turbulence, then the scale of

the turbulent structure would have to be in the order of a hundred millimetres - larger than the

dimensions of the mixing region.
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Figure 6.6 Sample Time Histories of the Pitot Pressure in the Mixing Region Flow
for Run 148, Condition A

(Samples from locations 25 ram, 10 mm and 0 nun from the centre of the duct)

The measured values of pitot pressure are shown in Figures 6.7 to 6.10 for the four

different test conditions listed in Table 6.1. The measured pitot pressure at the entrance of the

duct is shown as a reference line, as is the calculated value of the free-stream pitot pressure

provided by the non-equilibrium NENZF calculation. The predicted and measured values

agree quite well but the pitot pressure at the edge of the jet shows a consistent rise to larger

levels of pitot pressure than the exl_cted free-stream values. This observation is consistent

with previous measurements of pitot pressure in hypersonic ducts and indicates that the free-

stream gas has undergone a compression. This compression may have resulted from the waves

from the boundary layers on the walls and from the injector strut_ Ahemately, the compression

in the free-stream rose from the entropy rise due to the mixing process and the subsequent

growth in displacement thickness of the mi×ing region. The magnitude of 1he increase was

greatest in the highest enthalpy case.
A further observation about the general shape of the profiles is that the measured values

of pitot pressure at +_.5mm are not equal in three out of the four cases. The implication is that

the axis of symmetry of the pitot pressure profile had been shifted slightly (=2 ram) into a

positive location in the duct. This corresponds to a shift towards the side of the injector

without the 6.6 ° wedge, which is away from the side of the injector that has experienced a

stronger shock and therefore should have a slightly larger static pressure.

The displayed error in the measurements represents the variation in the mean value of

pitot pressure during the defined test period. As the pressure fell slightly during the test time,

the mean value of the pressure was determined by finding the line of best fit through the data
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using least squares regression. The stand_u'ddeviation of the pitot pressure signals was much

larger than this variation in the n_an level. As discussedearlier, this large spread was not

rcprcscntati','e of the free-stream variation and therefore did not indicate that the error in the

mean v:duc was large, only that the oscillation of the pressure in the gauge cavity was quite

large.

'Fable 6.3 Measured Values of Pitot Pressure across Duct at 500 mm

Inlet

NENZF

Location (ram)

Downstream from the lnjedor

Condition A Condition B Condition C

601 633 623

625 615 605

Condition D

571

618

-5

0

!0

351 + 56

307 + 30

323 + 39

408 + 61

480 _ 44

431 +21

433 + 78

388 -+29

481 +09

602 + 40

654 + 16

668 + 33

354 + 13

382 + 22

412 + 33

15 - 607_+52 519+46

20 719 + 75 617 + 69

25 688 + 84

357 _+14

345 +_04

408 ± 21

505 _+13

607 ± 30

624 + 03

800

700

6OO

SO0

E 400

300
2O0

I00

Run 148

...............l- _...l._ n__nd_ttotP--repSSress % -

25 20 15 10 5 0 -5

Transverse Distance (nun)

Figure 6.7 Pitot Pressure Profile across the Mixing Region for Test Condition A.
(Air Enthalpy 12.2 MJ/kg)
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Figure 6.8 Pitot Pressure Profile across the Mixing Region for Test Condition B.
(Air Enthalpy 9.4 MJ/kg)
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Figure 6.9 Pitot pressure Profile across the Mixing Region for Test Condition C.
(Air Enthalpy 7.8 MJ/kg)
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Figure 6.10 Pitot Pressure Profile across the Mixing Region for Test Condition D.
(Air Enthalpy 5.6 Ml/kg)

6.2.4 Measured Concentration Profiles

The concentrations at the measurement stations across the hydrogen jet were found by

the mass spectrometer in Runs 110 to 141. Because only the concentrations during the test

time were of interest the resolution of the data recorder was increased to allow more samples

to be taken within the limits of each peak, thereby reducing the error encountered earlier with

the thin peaks such as the helium. The duration of the data recording was only 2.5 rnsec at the

higher resolution but the test time was defined as being from 0.5 to 1 msec in any case. The

quality of the spectra was generally very good with most spectra.showing complete separation

of the nitrogen, nitric oxide and oxygen peaks. Some spectra produced hydrogen peaks which

were large enough to saturate out the particle detector signal in the early stages of the flow

_hcn the density was greatest. For these rims and in the few cases where arcing occurred, the

test time was sometimes reduced or nnoved back past the 1 msec cutoff. The runs used for the

measurements are listed in Table 6.4, which shows the experimental conditions, test times used

and the concentrations measured for these experiments.

Before presenting the analysis of the mass spectrometer measurements, a word of

caution must be given. The conditions in the mixing region behind the injector were strictly

not identical to the conditions in the free-stream where the mass separation calibrations

occurred (see Section 3.7). principally, the pitot pressure and the Mach number of the gasAlso, the wake region

entering the first skimn_r were lower than in the free-stream.

experienced a gradient of conditions across the orifice at the front of the first skimmer. The

front orifice through which the sample was drawn was 2 mm in diameter which, from the pitot

pressure profiles, could have experienced a difference in pitot pressure across it of up to 80
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kPa or 16%. This has been assumed to be negligible with regard to the effect on mass

separation and the freezing of the flow inside the skimmer. (In regions closer to the fuel

injector, where the difference in flow properties can become very large in a transverse distance

of 2 ram, the use of the mass spectrometer sampling system would need serious attention to be

justified. Tile problem could be reduced by decreasing the size of tile front skimmer).

Of the species of interest, the mass spectrometer was only calibrated for the relative

concentrations of hydrogen, argon, and helium with respect to nitrogen. The lack of

comprehensive calibration data meant that assumptions had to be tnade about the behaviour of

the mass spectrometer before quantitative estimates could be made of the relative number

density. For molecules of similar mass and structure to nitrogen, the calibration factors were

assumed to be 1. This assumption was adopted in Chapter 5 and gave reasonable results. This

meant that the nitric oxide and oxygen were assumed to behave in the smne way as nitrogen

molecules throughout the processing by the mass spectrometer.

The remaining species of interest consisted of water, the hydroxyl radical, and the free

atotnic hydrogen, oxygen, and nitrogen (H20, O, N, OH, or H). The assumption was made

that there was no free atomic species or hydroxyl present in the flow. The calculated levels of

free-stream atomic nitrogen using NENZF were zero in all conditions. The calculated levels of

free-stream atomic oxygen were small in all except for Condition A. This is supported by the

results of Chapter 5 which showed little variation in the size of the atomic peaks reladve to the

molecular peaks as the enthalpy increased to 10 M|/kg, and showed inconsistent variation at

higher enthalpies. Also, theoretical estimates of the combustion reaction rates predicted that

the reaction time was of the order of 10 lasec (Stalker and Morgan, 1982), implying that the

residence titne of reactive species was small. Finally, the experimentally measured areas of the

peaks produced by the atomic species and the hydroxyl radical were not large compared with

the signal from diatomic species, so, excepting an extreme artificial depletion of these species

relative to other species, it was unlikely that there was a large contribution to the number

density from the dissociated species. While not discounting the presence of such species, their

presence should not alter the mole fractions of the stable species significantly, certainly not

beyond the error already present in these measurements.
A last assumption must now be made to provide a calibration factor for the measurement

of the water molecule. For reasons of simplicity as much as anything else, this was taken to be

1. The actual calibration constant is not likely to be far from ! as the calibration constant for

helium (the largest measured) is only 1.7 at these pitot pressures and the calibration constant

for hydrogen is 1 also. As the helium and argon are monatomic and the mass ratios for these

species are more severe that the mass ratio of water to nitrogen, the error in the estimate of 1

for the relative calibration of water is assumed to be 25%, which is to say that the calibration

might be as much as 1.25 or as low as 0.75. With this f'mal assumption the mole fractions of

the seven species can be calculated from the individual relative concentrations to nitrogen.

The fractions for the seven species were calculated from the areas under the peaks in the

recorded spectra and used the following formulas: 67
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[Hfl 1.68 Area it 2
_ !x N

tNfl

(6.1)

[02] 1.68 Area 02

= l x_ _---_aN2

(6.2)

1.68 Area NO
= 1 x 1._ _u'eaN 2

(6.3)

[H20] 1.68 Area H20
- lX_-AreaN 2

IN2]

(6.4)

Area_.__..._
1.68 Area He + 1.25x_ AreaN 2

Driver _ 1.7 x _ Area N 2
[N2I

(6.5)

Here the absolute mole fractions are obtained by dividing the relative mole fractions by

the relative mole fractions of each species. The mole fractions for a sample of the
the sum of - --- "'" "- 6 13 In these figures _ traces are

runs as a function of time are presentecl in t-tgures o. _ t to . •

divided into hydrogen and water in part (a). the components of air in part (b) and the driver gas

contamination level of the sample in part (c). It can be seen that the traces show a variation

with time but that the concentrations are reasonably constant with time in the interval from 0.5

to 1 msec after the start of the flow.

Concentration profiles across the mixing region have been obtained from the

measurements from the individual runs. These are shown in Figure 6.14 to 6.17 for the test

conditions A to D. The error bars represent standard errors of the mean of the measurements

from all spectra for each run and do not include systematic errors from the assumptions

regarding the calibrations. The data presented in these figures is included in Table 6.5 The

same results expressed as mass fractions are given in Figure 6.18 to 6.21. In Figure 6.22 the

average molecular weight of the gas sample is plotted as a function of transverse distance.
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Table 6.4 1"he Conditions for the Test Runs for the
Concentration

.Measured Measured

B

C

D
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)fessgfC

(kPa)
577
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Measurements of Species
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6.3 DISCUSSION

Generally, the accuracy of the tneasuremenls ,,,,'as not as good as those of the driver gas.

This was due to the problems with calibrations and performance of the instrument. The

systematic error in the measurement of hydrogen was 20%, water 25%, nitrogen 10%, nitric

oxid_ 10%, oxygen 10%, helium 5% and argon 10%. These estimates were dominated by the

estimated error in the calibration constant. The random error in each measurement (due to the

sampling rate or lack of peak definition) is included as an error bar for each measurement.

Considering that this was the first time that measurements of this type had been performed, this

level of error was not unexpected. Despite this, there is still a considerable amount of

information contained in the measurements, much of it unique.

An additional difficulty with the results can be seen in the traces of the concenlrations as

a function of time (Figure 6.11, 6.12 and 6.13). That is, that the concentrations at each

location in the flow were not steady with time. The general trend was for air-component

concentrations to fall with time after peaking at around 0.5 msee of flow, while the hydrogen

concentration rose with time after 0.5 msec. Where there was noticeable water, the water

concentration fell with increasing time. An obvious explanation for this was that the effective

height of the hydrogen fuel jet (after adjusting to the ambient static pressure) was increasing

with time as the static pressure of the test gas fell. Such variations were independent of the

operation of the mass spectrometer, and are therefore not so much a problem with the

measurement, as with the interpretation of the data. In fact, this observation highlighted the

importance of the instrument's ability to obtain time resolved measurements, as single instant

concentration measurements would not reveal the unsteadiness of the combustion.

A comparison of the results from the different test conditions, indicated that the highest

enthalpy air flow, Condition A, showed a considerable amount of water across the fuel jet. A

small amount of water appeared to have been produced in Condition B, while in the two lower

enthalpy conditions, there was no measurable amount of water produced. In all three of the

lower enthalpy conditions there was significant penetration of the oxygen into the fuel jet

v,'ithout reaction. In Condition A, the amount of oxygen measured inside the fuel jet was not

significant. This indicated that at only the highest enthalpy condition had complete reaction of

the mixed air and fuel occurred, and that the combustion of the fuel was mixing-limited. In the

three lower enthalpy conditions (B, C, and D), the fuel and air mixed but did not react.

Condition B may be reaction-limited, since there was some water present, while Conditions C

and D showed no evidence that ignition occurred. In all conditions, the measurement of large

amounts of hydrogen within the jet indicated that nothing close to complete mixing of the fuel

jet occurred.
At the defined test time, the transverse extent of the mixing region taken from the

concentration measurements and the thickness of the momentum flux defect both increased

with the increase in test flow enthalpy. Although the initial effective fuel jet thickness also
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increased with increasing enthalpy, this did not account for the relative size of the increase in

jet height 500 mm downstream. The pilot pressure profiles and the mole fraction of the

componcms of air arc plotted simultaneously for the four test conditions in Figure 6.23. To

obtain a measure of Ihe penetration of the free-stream molecules into the fuel stream, the water

was included as if it ,,vcre dissociated into molecular hydrogen and oxygen. Therefore the mole

fractions of test gas in the figure include the oxygen present in the form of water as well as the

mole fraction of driver gas.

800 T Condition A Condldon B Contldon C !ContWtlm D s_" I0.9

/ 0.8

IS

0 .,._+_ ÷_--4-- 4--*- "c- +- _ ° 4 -'* - "*-- ÷ _-- 4--,* -'*--_-_" _-- 4---c- _-- q-- 0
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Figure 6.23 Comparison between the Pitot Pressure and the Air Mo le Fraction 500 mm
Downstream of the Injector.

(o- Pilot pressure; •- Mole fraction of test gas (including water and driver contamination))

The free-stream pilot pressure and the hydrogen .jet pilot pressure were predicted to

increase as the enthalpy increased. This was reflected in the pilot pressure measurements,

except in the centre of the jet at Condition A. In Condition A, the centre line pitot pressure

was significantly below the expected levels, and represented a greater deficit in momentum flux

(below the free-stream momentum flux) than the original momentum flux deficit of the fuel .jet.

That this occurred co-incident with combustion possibly indicated that the density was falling

on the centre of the fuel jet as the temperature increased. If this was so, then the thickness of

the fuel .jet concentration profile would be expected to increase and the free-stream pilot

pressure would be: increased by the compression waves generated by the expansion of the

stream tubes in the combustion zone. There was a greater increase in free-stream pilot

pressure in Condition A than in the other test conditions. In Conditions B, C and D, the rise in

free-stream pit0t pressure was interpreted as a result of mixing stimulated compression waves.
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The momentun'tfluxprofilesand theconcentrationprofilesgiveninFigure6.23 show a

roughly equivalent height of tile mixing region. This was expected in the case of a turbulent

mixing region where the turbulent diffusion dominated over the molecular transport. In a free

turbulent shear layer between two semi-infinite fluids, the growth rate of the height of the

mixing region has been observed to grow linearly with downstream distance, (Figure 6.24),

with the constant of proportionality being denoted the spreading coefficient, (Schetz, 19g0).

The spreading coefficient in a compressible flow has been found to be a function of the velocity

ratio between the fuel and air streams, the density ratio, the level of density fluctuations, the

Mach number of the turbulent structure in the shear layer, the rate of heat release in a

chemically reacting flow and the initial turbulence levels in the free-stream flows, (Dimotakis,

1991). Even in the case of equal stream velocities, where intuition would suggest that the

mixing would be slight, the initial turbulence and density fluctuations act to produce stronger

mixing than molecular diffusion (Brown and Roshko, 1974).

Air Stream

_8 Turbulent
Mixing

Region

FoolSucam

5

Figure 6.24 Definition of the Spreading Coefficient x

Shear layer growth of compressible flows at low Mach number can be adequately

modeled by incompressible relations (Brown and Roshko, 1974). In incompressible non-

reacting flows the spreading rate of a shear layer betsveen two semi-infinite fluids has been

correlated to the function (Dimotakis, 199[):

I-s_r_I(I+ sto)

C6 2(I +slnr)

(6.6)

where r is the velocity ratio and s is the density ratio between the two streams. The constant

depends on the facility and other unknown factors and has fallen in the range 0.25<C<0.45.

Values of density and velocity ratios are listed in Table 6.6 for test conditions A to D.
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Table 6.6 The Empirical Predictions of Spreading Coefficient and Mixing Region lleight

forth._____e E_ Conditions _________

Condition A Condition B Condition C Condition D

Velocity Ratio, U.:U**

Density Ratio,_

readin Cocff,cient

Convective Mach._Num.bcr.

Predicteti Compressible Spreading

Coefficient

Predicted Mixin Re ion Hei ht (ram)

0.5

I.t

OAt

1.2

0.02

0.6

0.8

0.09

I

0.02

I0

0.65 '

0.54

0.74

0.35

0.050.07

0.87 0.6

0.02 0.02

I0 12

An extension to compressible non-reacting shear layers has been suggested by

Papamoschou and Roshko (1988). They introduced the concept of a convective Mach number

as a measure of the compressibility of the flow. In a flow with tlniform ratio of specific heats,

the convective Mach number is defined by

UI + Us (6.7)
M c =

a I +a 2

where M_ is the convective Mach number, U is velocity and a the speed of sound, with ! and 2

denoting each stream. This equation represents the Mach number of the large scale turbulent

structure with respect to the gas free-stream. For the experimental conditions of the current

measurements, the convective Mach number is given in Table 6.6. Using this as the defining

measure of compressibility, the spreading rate is reduced below that predicted by Equation 6.7

as the convective Mach number increases. The experimental measurements are correlated by

an empirical relation:

f(Mc,) = 0.8 • "3Met2+ 0.2
(6.8)

Where f represents the reduction in the compressible spreading rate from the

incompressible. This relation is plotted in Figure 6.25 along with the experimental data which

it is meant to represent (sources not included). As can be seen the majority of data is taken at

convective Mach numbers less than one. The spreading coefficient predicted from the

convective roach numbers of the current test conditions are also given in Table 6.6. As can be

seen, the opposing effects of velocity and density variations and the convective Mach number

combine to produce an equivalent predicted spreading coefficient for each experirnental

condition.

82



SCRAM JET COMBUSTION SURVEYS 267

In the experimental situation described here. inuncdiatcly Ix-hind the injector, two shear

layers are present, one on either side of the fuel jet. Each is expected to spread with

downstream distance, although not necessarily independently from the influence of the other.

The two shear layers would Ix coupled by the waves they produced. Each set of waves would

travel through the opposite shear layer, possibly generating additional turbulence and

increasing the n'fixing rate. At some point downstream, the two shear layers would intersect

and the nature of tile flow would change from dual shear layers to a jet/wake flow. After this

had'occurred, (though perhaps before, due to the coupling), the empirical results from semi-

infinite shear layer growth would no longer apply to the growth of the mixing region.

Upstream of the intersection of the two shear layers, the properties on the centre of the

jet would remain close to the original properties and the pitot pressure and concentration

profiles should show axial values equivalent to those at the start of the jet. This region of near

constant properties is referred to as the potential core. Downstream of the potential core. the

axial flow properties approach the free-stream properties, and the decrease in difference in

quantities usually follows an inverse power law form with distance. In the far downstream, the

transverse gradients of velocity and temperature become small and the growth of the shear

could be approximated quite well by the incompressible growth rates (Bradshaw, 1977).

Assuming that the coupling between the two shear layers was not significanL the length

of the potential core could ix estimated from the height of the fu¢! jet and tb¢ predicted

compressible spreading coefficient. In these experiments, this length is |20 to 130 ram,

indicating that for most ('75%) of the distance between the injector and the measurements, the

|

o.

I,

O _

o

$ .O t .I

.o _t

It.Q

Figure 6.25 Ratio of Compressible to Incompressible Shear-La)'er Growth as a Function
of Convective Mach Number

(Dimotalds, 1991, Fig 4)
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mixing region will be behaving as a jet/wake flow and tile empirical correlations for senu-

infinite shear layers will not apply. It remains of interest, however to discover how much

greater the growth rate is in a jet/wake mixing layer than in a free shear layer, and if the

predicted independence of the spreading rate with expcrimenlal conditions also applies to the

jet/`.vake flow. "_

From the nleasurements, the half-height of the total mixing region was approximately 20

to 25 rim1 for Conditions A, B, and C and approximately 20 mm in Condition D. If the initial

distance required for the isentropie compression of the fuel jet to the ambient pressure was

ignored, then the spreading rate was about 40/500 or 0.08 (0.07 for Condition D). This was

much larger than the predicted spreading coefficient for free shear layers and represented a

much faster mixing and entrainment of the jet and free-stream gas than did a single shear layer.

The incompressible spreading coefficient for free shear layers ,,,,'as larger than, but much closer

to, the measured spreading rates. Tiffs was consistent with the conclusions reached by Casey

(1991) from strut injection measurements in a n.arrow duct. His experiments were also

conducted far enough downstream for the flow to become jet/w_e donfinated. The

independence with test conditions does not seem to apply to the jet/wake flow since the height

of the mixing layer is seen to grow with increased enthalpy.

Few other measurements of species profiles in shear layers have been reported, and none

in a kigh temperature, high Mach number flow. The few measurements that have been taken

imply that the transport of momentum, energy and species between the two streams does not

take place at equal rates. Chriss (1968) found that the centre line variations of hydrogen

concentration and momentum along the axis of a free-jet followed different functional forms.

Ginevskii (1966) found that the transport of heat occurred twice as fast as the transport of

momentum across shear layers in incompressible flows. The current results indicate that for

these experimental conditions the transport properties are very similar.

Past research has shown that turbulence levels in "(he facility have an influence on the

growth rate of the n'dxing layer. This was not quantified in these experiments, although the

noise level in the pressure measurements was quite large.

In summary then, the state of knowledge of the mixing between supersonic fuel and ak

behind a parallel injeclor is not sufficient to theoretically explain the existing measurements nor

to predict the outcomes of new experiments. In such a situation, measurements of

concentration profiles across the mixing region downstream of such a combustor must be a

valuable addition to the measurements of density and pressure which are routinely obtained.

Confidence in numerical simulations relies upon the ability of the equations used to model the

flow being able to reproduce experimentally obtained results. For these reasons also, the

exploration of new measurements in new flow conditions is essential to the development of

better understanding and modeling of the physically dominant processes in supersonic

combustion.

These experiments in hypersonic combustion have only scratched the surface of the

potential mass spectrometry offers to this field. The presentation of these results and their
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consequences has been neccssarily brief, as further detail is beyond tile scope of this thesis.

The information obtained from these initial experiments pose more questions than answers and

highlight m,'my further avenues for research. In particular' research is required to more clearly

define the mechanisms controlling the spreading rate in parallel injection in a supersonic flow

as well as to sample the gas closer to the injector in order to determine whether the spreading

rate changes significantly in the far downstream. It would also be valuable to perform

numerical simulations of the current experimental conditions in order to gain a greater

understanding of the turbulent inixing present in supersonic combustion.
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ly investigated for many flow situations in the past. but there bu
been little inv_tlgatioo Lnm the eransitionpl_nomena relating Io

hypersonic, blgh enthalpy flows. The boundary layer has • signifi-
cant influen_on theexternalflow fields of _-enVy bodies, sudl

IS the Space Shut_. and would have • crilical influenc• o_

hypersonic duct flows suchas those _eated i_ it-ramjet engine=.

PREC[OII_IG P_GE BLANK N_T FILMEO
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the case of subsonic and supenomc flo_ of low enthalpy.

buoyant .......
t_lau_d to the umt Reyookls humour, m in the
o0olin| of the wall< I|- The existenc_ of unsteady v..jvci
boundary layer bss been subsUmdated by lin_ stability dx_oP/
and by experia_ntO). The ooset of boundary layer
transitioo is masked by the &padu_ from linear boundary layer
¢._uactefisti_ which w_e associated wlth the appearance of local
ulboleat (noo-linear) events. The corresponding Reynokh num-
tm', in cases of zelo pressure gradient flow ove_ flat plates and
oone_ was of the onset IOs. When corfel_ed with the influential

parameu,_ UansLdoa Reynolds ou.mt_ always showed an
inclosing tmgl with increases io unit Reynolds number, Mach

sin-face cooling couM Icsult m compieu_ ,,u,,,.,-,that
bsyer stability and the possibility of m_dntalning the lamintr sUdus
indefinitelym.

Wbea flow speed becomes h1_ _soaic. however, some funda-
menud changes occur in the early stagesof Lransition.which are

jaed with tl_ development oflinearinstability wave_*). Lio-
e._ stabili_/analysis demonstrated ,hat in addifon to some low

fie.q_ocy, _" first mode instability waves wblcb are dominant in
subsonic and supersonic boundary layer flows, there exist higher
hcq_ncy, or scoond mode instabifities, in h)-persordcboundary
la)'crs. This second mode overtakes the rok of the first mode and
becomes dominant in the process leading to u-ansidon.Linear sta-
bi]Ry theo_ _) indicates that boundary layer cooling, as deter-

temperature ratio will enhanc_ sac-mined from walltostagnation
ond mode instability in bypersooic boundary layer and thus

luoed>ceffe_ of first mode distmbances. Linear stabilizyexpcr-
imeDu conducted by Stetson and Kimmel(_ discovered that the

wu tl_ same as d_ velocity at d_ boundary la)er edge.
add KimmeJ speculated that s,_ond mode distm'ouo.s we._ un-

likely to be dominmt in the u_nsidon process.Consequendy. sur-
fac_ cooling should delay tr_nfidon in d_ hypessnoicbooodary

laye_r. However, when second mode disturbanceswere known to
be dominant,coolingof the surfacewould promotetransitionof

,layer.Thb was alsosupposed by Seddou£ui'smnu-
anady which stated thatsurface cooling e.nbanees the

Tollmein-Schlicbdng viscous mode _Livity. amdacoderatcs the
u.ansidon process in the compressible boundary layer.

hevioos hY1__s°nic uansitioo exl xfimenu by varioua [e-
have ykkled inconsistem conclufiom. Deem and Mur-

phyOL and Ro_sm have indicated that the_ was li_e influence of
w.n to rmoves7 temperature ratio T./T, ou d_ location of tl_
transition poinL DcmcUleded_ observed in experiments conduct-
ed witha conicalmodeJ thatwallccolin$de6nitelycauseda sub-

s_ndal upsh-tam movement of the transition zooe. Shock tunnel
experiments by Stetson and Rushtodm demon.st_v.da _docfion
in transition Reynolds number as _ tempcrat_uerafo TJT, was
red_",ed. "me rcsulu of Richasds and Stofle_ |*) showed that the
increase of TJT, may cause Uansifion Rversal and re-r_versal.
Tbe conclusion reached by CaryO_ was oppositeto _ of the
,hove. He observed a moderate increasein u-_nsihonReynolds

number with waU cooling and no transition reve_al.
An of the above mentioned hypersonic u'ansifionexperiments

bad relatively low stagnation tempe_atuRsorenthalpies and benc_
the flow wlocities were also relatively low. Tbe tea! coodidons of

Figure 1. Sketch ol _ T4 shocktunnel.

EQUIPMENT AND EXPERIMENTAL CONDITIONS

Experiments were conducted at the URiversity of Qucenslands-
using the T4 free piston shock tunnel (Fig. !). A contoured nozzle
with a fixed area ratio was used and the nominal Math numhur
was 50. A flat plate model (Fig. 2) with a 30" sharp wedge _.m

placed in the test section. The bluntness of the mo_l leading edF
was 008 am. the total length of the plate was 600 mm and ia

width 230 am. A fence (not shown in Fig. 2) was attached to

side of the model to curlail the disturbances generated at the
comer of the leading edge. The tint transducerbole was S0 mm
from the leading edge. the second 74 mm and the third 100 am.
Consecutive transducers wen: I?-$ mm apa_.

T_ stagnationcnthalpy of the flow varied in the range 2-35--35
MJ/kg. The nominal conditions were To = 2130--9130K.

p = 4-11.-26kPa _ M = 5.2-6-6. _ flow speedvaried from 2-I
to 64) ImP. The change in static pressurewas achieved by vaq-

i_g_ Oxick_nessof the Prhnary diaphragm in the shocktube. TIIm
film gaages were flash mounted along the model to measure m-
face temperatures during _ tests, and temperature traces _s_
then inlegrated to ob_in beat transfer rates. A p_ssure uansduc_
was also mounted in the plate to obtain a Rfere_e staticpres_s_
and to de/ermine tbe steady/'low oonditions.

"l'be main objective of the present investigation was tO dev_
the transition phenomenon in hypetsoeic and high enthalff
boundary layer flows. However, the enthalpy range over whid_
transition is observed is limited by the kngths of the test core ..a
the model. In shock runnel tesu with a fixed noz_de, bigb cndUdl_
is achieved by increasing stagna_n and static temperatures. "1_

luced density (- I/T) and increased visc_ity (- (TY)s) offse_
increased velocity (- (TpS),leading to an overall reduction of m
Reynolds numbefwith the test flow velociqt. As the flow cntba_
increased, the unit Reynolds number decreasedand Ibc Reyudds
number based on the distan_ from the leading edge also

Figure 2. Skelch of Ihe fiatp_atemodel.

_q_a_ A_n_*_ ,_t F_ rll14
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decreased. Therefore, the onset of transition was delayed further

downstream from the kading edge at high enlhalpy, and finally

beyond the model kngth. The maximum stagnation enthalpy of
the flow t_sted was 26 MJ_4, but no onset of transition could be

detected for stagnation enthall _es over 19-2 ldJ/lcg.
The decay of stagnation pesst_e could be a conc-'rn when •

s_._4y flow over the test model is requited for the examination of

uansidon ff the flow speed at the tesl section is U and the model

klagth is L tbe,n the time requL',ed for flow to pass the entire

run. is
L (l)

U

The behavio_ of stagnation pressure during this time interval is

¢a'uclal for the establidm_et of test flow over the model. For the

worst case, i.e. when the flow speed is the lowest, we hive

/ : 0..__ = 2 9 x 10"as: 290 Ps
2100

Over this period the reservohr pressure is reduced by 20%. This

amount of decay did not substanftlly influence heat transfer men-

lmement through which Uansi6on was detected as discussed later.

it should be noted that the lamlnaf region of the boundary layer

was shorter than the model length- Tun pressure decay during the

period when the test flow passed the ent_ laudnax tegiou was
smallex than thai estims1_l above. Tberefme, the tesl flow
_..,._ m the T4 shock trend was considered reasonably

b uansition.
y fm the study of bouuda'y Y_

To investigate the influea_ of decaying total pressure on tran-

sition, a series of runs was performed with 20% argon and 80tk

helium driver gas mixture. This rtpn3duced the flow conditions at

an enthalpy of 3.5 blJ_g, but with no decay in stagnation pres-- It•wry-
sure. No difference in transition on•el polnt was detected.

_. both the maximum stsgnttioo enthalpy and contamination flee

test time •chirr•bin by mixed &4v_ gases were smaller than

those achkved by l_um driver.
The test time in a high-¢ntha]PY reflected shock runnel was

li_V._l by the driver gas contamination of the test gas. The gas at
shock tubewall undergoes a bifurcated reflected

the vicinity of the smalle_ change in velocity than the
shocL and suffe_s •

..... • -aS which mLtt_ through a normal reflec.ted sbock. It
cenuau_,o_ s • • _-:-_.,,,:-- into the test gas reason along the
tbercfore forms i jet i_-._,_
w,,ll, which in tm-a reduoes the test time. This problem had been

investigated by Stalker and C.jrandm, who formulated • theory to
ul test time produced by reflected shock

estimate the kngthof.usef .... _ gtalker end MorganUS)

tunad facilities, using met _,_?s, .-

st• nation enmalpy •1 the diat_ag _ prt .

(Fig. 3). Fm k : 60"and He = 20 Ml/kg tl_ tea SlUg was •_

2 m wt_h w8.1 mote than three times the model length. "n_ slag.

nation enthalpies of all dais.acquiring tesl tuns of the prer_.al

investigation were lets than 20 MJ/_g aM the tell slugs wwt

always longer than 2 m a_ording w Fig. 3. It can be concluded
that the T4 flee piston shock tunnel provided sufficient lest

for the estabtishmenl of u_sitional boundary layer flow over tl_

flat plate model used. This mnclusion was also supported by the
establishment of steady heat transfer rate within that lest period.

"I1)e nozzle reservoir slagnation conditions were cakulaled

using the F-,s'ro t_ comp_1_r program. It uses the initial shod•

tube filling peegsme, temperatu_ and the meantred incident shock

speed to calculate the atttn•tlon condition behind the reflected
shock. It then isentzopically expands this stagnation condition in

equilibrium until the stagnation pressure malches the value
smed during the useful test flow period. The gas is ttsuawd te be

stationary at this expanded condition, thereby leading to a loss ia

t_al enthalpy from shock reflection conditions.

The test section freesueam conditions were calculated using tl_

NElqZF computer prog ra_t_, Given the stagnation conditions in

the nozzle reservoh', i.e. the end of the shock tube. the pmgntm

computes the expansion of the test gas through the nozzle.

The following calculation scheme was used. Chemical equilibri-

um was assumed for the flow upstream of the throat. Chemical

nonequilibrium calculations began downstream of the throat and

the chemical kinetics pro vRled by Lordi el a_m were used. Tee

thennodynamic properties of the constituent gases were modelled

by fined polynomial curves for temperatures greater than 5000K.

and by a ham_onic •will•tin model below this temperature. All

vibrational modes were assumed to be in equilibrium with the

flow temperature throughout the nozzle. _ above calculatim

scheme was verified by rig measurement of pitot and static pens-

sines in tl_ test t_ction of the tunnel. Tbe differencesbetween I1_

calculated and the measured quantities were estimated to bt with-

in 4-15% for the enthalpy range within which the transition experi-

ment was conducted,

FREESTREAM DISTURBANCE MEASUREMENT._.__..

Experiments examining the intensity of fleesuMm distu_
were conducted in the T4 shock tunnel. A piml rake was mounted

vertically in the test section about 158 mm downstream of the

nozzle exit. and cogs•steal of six pilot pressure probes with •

dis••nor of 30 mm between each adjacent probe. A PCB pressu_

tr_nsduotr with • respon_ time of less than 2 ps. was mounted ie

each of the probes. Tbc n_pon_ frequencies of the pito_

were not tess than 400 kHz. _ the pressure signals were -mlded

at • rate of 500 kHz. TI_ maximum frequency ditcemibk Item

the recorded data was not lessthan 250 kHz.

Pitot pressure measurementS were taken for a rang,: of te.u

conditions. Figure 4 demonstrates the variations of the fluctuation

intensity with the unit Reynolds number. It does not indicate rig

existence of any correlation between pitot pressure fluctuation ia-

tensity •nd the unit Reynolds number. Etch data point represents

the averaged value of fluctuation intensities of the pitot probes

mounted in the rake.
Direct measurement of continuous flow velocity in the shock

tunnel facility was not possible. The flow disturbance or the noise

level which is often indicated by freesueam velocity fluctuadea

intensity was therefore difficult to obtain by direct mea.,u:emeat.
However. it is possible to get an indirect estimate of this quantity

from pilot pressure measuremenB. The relation between flucttm-

tion intensity of the velocity and that of pitot pressure is discussed

below.

At.st,n_.t _ _ I1_ _n_l_
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Figure 4. Pilot RuctuaSon intens_f vs unit Reynolds number.

From [be Rsyklgb pilot ml_ formula the foUowing relation for

the pilot pretsur¢ Pf in a h)]3ersonJc flow field can be obtained,

assuming the gas is perfect.

= Cp=_ ... (2)

where C is • constant and

(y+ I_T-I yT-' ... (3)

c:L-i--j
Taking the IogaJ_thm of both side= of Equation (2) and thee differ-

entixtJng yields

____+2+. ...(4)
P, P ,,,

• in hypertonk wind tunnels.
Since radiated noise is pfedommtnt c_us_ by sound

it was morned that velocity 0uctuation w_S
wive= travelling in the flow field, and that the contribution from

vorficity fluctuation was negligibk. Tbe continuity equationwhich

lovcms the variation= in velocity and density dee to _)ust_
waves ran be written as foUows, assuming one dimensiomd flow.

d__E = d_ ... (5)
p a

wh_r¢ a _ the local s_d of sound. By introducing M_b number

into the above _ua_on yields

_=m_ ...(6)
p u

Sube,6tuting this into EqusSon (4) gives

=(u+2)-_ ...0)
P,

The fluctuating components P+"and u' can be treated as small

perturbations dP, and do. Equation ('/) then becomes

=(M+2)£ .. (s)

Th_efore. we bare

=M,21 P,
It can thus be teen that fo¢ hypersonic flow, wbeTe M >> t. the

velocity fluctuation _tensity is much smaller than that of pilot
=l=_ure Fm M - $. the velocity fluctuatioa in.tens.iW is only

t 14% of the fluctuation intensity measured wtth pttot probe.

Fourier U-ansfonn was _-_ormed m the floctuating pilot

,l+
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MJ/kg. E - fm_on e4 total fluctuation energy/{kHz).

pressure signals. =_1 • dominant hequency was observed in each

of the power spectra Figure 5 shows • typical power spectrum of
the fluctuating component of the pitot signal. The power densi_ E

is normalised so that

Ed/= t ... 0o)
0

Further analysis sbuwed that this dominant frequency was pro-

portional to the square tom of the flow temper•two (Fig.6). Str_e

the Speed of sound in the test gas was proportional to the squu¢
mot of temperature, it was expected that, with a chara¢ler_5c

length D. the chas=:teristic frequency would be

/,._= _,,_ . ..(tt)
D

when "t _ R _ assumed to be consttnt. C_.aertUy. EqutSon

(it)can be wriuen as.

/,=c_ ...(i_)
where the constant of pmpod_ontlity C incorporates the pper_l

of test gas. the geometry of the nozzle, and _ mode of

oscillation. The vtlee of C was found to be 391 s-IK "4n tl_o_h

regression analysis. "the origin of tl_ dominant _¢quency ia
frce_tream disturbance has not been inve_gated but it was specu-

lated that it may be petlin_nt to the fluctuation of the sonic _t"aa=

at the exit of the noz2.1¢ t_oat.
"Ibe he•stream distu_bar,:es discussed above were ¢ventmdl

,._a-.¢Ub, g_ ,14avea,._i_Jsumd Fsilxn_O 'IB_I
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received and amplified by the boundary layer flow over the flat

plale model, leading to transition to tmbulenc¢. During this ampli-
6cation process, the boundary layer was selective about the
frequencies carried in the distu_0ances. At a defined Reynolds
number and Mace number, there is a most preferred, or the most
amplJ6ed, hequency. "l]ais frequency generally depends on Mace

Id, Reynolds number Re and wall to stagnation tempera-
ratio 7". rrs.. Linear stability forcing theory czo be used to

¢adcei_ the ratio ofthestability wave amplitude Ao at the neutral

point to _ amplitude AI of the sound radiated by d_e turbulent
boundary layc; oo the nozzk w£1. The calculation is of_n eL,Tied
oUt in tams of mass flow fluciuadon. If me is _ peak value of the
local mass flow fluctuatioo, and mi is the amplitude of mass flow
fluc_ation of incoming instability wav¢_ the _ mJmi rcpc_-
sen_ in a similar manner to the amplitude ratio A/A_ d_ amplifi-
c._on of instability waves. Ma ¢_4). usingviscous forcing theory,
compo_:l the peak mlss-flucmaticmfor six hequenciesat Mace
4-5. His numerical _vx,ult (re.p_ted in Fig. "/) showed that the
mo4t amplified frequency, or the frequency that bu the highest
_,q_li_ie ratio, is relatively blgb st low Reynolds number. As
ReyDolds number increases, tl_ most amplified fmq_nc_
decreases. "ibis t_nd coincideswith I1_ boundary layer growth, if
the w,velength of _ most amplified mode is soded with the
boundary layerthiclmess,R should increase ss the bomuiary layer

with Reynolds number. Hence, th_ frequency or _ most
IP°ws mode dec:e..as_ provided that the phase velocity of the
--,mLplifgd
waves remains consUmt. Note that the modes of the waves are not
distinguished in forcing theory since it appliesonly up to the

neu_d point.
An envelope may be added to the curves representing the am-

plitud.e ratio for various dtmens_on_:ss freq_encles in Fig 7. The
umgent point of th_ envelope with each par_Jcular curve repre-
sents the Reynolds number where that particular mock: becomes
the most amplified, plotting tbe frequencies against the Reynolds
numb©r at their tangent point yields Fig. g. This figure i_icates
that F., is ix'opo_ional to Re-",wbel_ n-314, i.e.

F,, = Re'_ ... (13)

wben_ C is _ consumtof propor'6ona]ity.By differentiating the

above equation _ foUowlng arcobtained

dF,,=- Re * Re ...(14)

Reynoldsnumber.

or

idFml= Re-_ IdRel """II'_)

It can be seen that the variation of the most tmplifed freque_.'_"
would be very small at high Reynolds number range. Hence, a
characteristic frequency may be cEoscn to _present the mou

arnplJ6ed frequencies for a large Reynolds number range. F'_
boundary layer, flow at Mach 3.5. Cben e_ a_ i_) found
F= = 1.25xi0-=. In the present work the numerical result of
Mac_(,) was used as a reference even though the nominal M_.._
number of the experiments wu sligbdy higher than abe Mack

involved in _ cakulation. For the Reynolds

r.mge covered by the flat plate model F. was estimated to be m
the order5xlO _.

T_ dimensionk-ss peak fleq_ncies of me4_suredfluctm_i_
p;tot measure siena]s, under various tes_ coeditions, are plotted is

• r- - " " _ "...... ";es in the fre_est_a_l flOite _ Id
Fig. 9. "lbe_e oommam ,n:_i,.,_--,., . .....
least ,n o(dcr of magnilude Iow_ th_ tl_ mort sm_

frequency predicted by linear stability theory.
Although freestream distud)ances may have a strong influmcz

on boundary layer transition, and it is s geawa_l U,end that U-tasi-
tion Reynolds number decreases with inc_asing free_._a
disnabanc¢ level "m. large frcestream parameter fluctuation
sitiesdo not always mean su'oog distm'bances to the bounduy kff-
er instability and uamition. The support of this conclusion cam,
from WeUs'¢ I*) experimental inve_tlgation of thg effecl of

freesueam tmbuk6ce m boundary by_ eansition f_ zero pm_-
sm'e I_licnt at low speed.He compared his measurements _,'ifll

F.=SxlO j
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tbcq_ of Schut_ and Slmm_tsdt_ ted Boitz et a/_]t_ md it was
found tl_ J the tame freest.am velocity fluctuatioe infinity.

eran_ition Reynolds number could be expected to bare dilfer-
cnl values. For example, at (<u'b4") °s *_ 0-1%. the transition

Reynokh number obt,;ned by WelJs was sreater than that by
Schobauer and Skramstad by ue_ly a factor of two. To esthnate
tbemagnitude of thefxeestretmdisturbancesin regardto trinsi-
lion,the power spectrumof thefluctuatingquantitymust be ex-
,mined as the waves, whose wavelengthsere scaledwith the

boundary byer thickness,mntml theprecis of _ransition.In fact,

_'_n_ distwbtnces have wavekng ms mppmxuna;eay

boumlasy layer thklmcu.
If the velocityof eJcb Tollmien-Schlicbdn$ wave isequal to

the flow velocityatthe boundarylayeredge. then,I the same

_qUel_'y t]_ wavekngth of sound whtch t_avels at the speedof
sound relative to the flow b not much dbCferent from the
weveleagth of the TS wave for hypersonic flow. Therefore, a
c_rrespondent relation between the two may be expected, asfaras
the f0o wth of dbturbance in the boundary layer is concerned In
the present investigation, a large percentage of freesu_am distur-
bance energy was distributed in a frequency band that bad a corre-

wavelength much longer than the bound3sy layer

thickness-it would not be !avou

the boundary layer of me n p ficqucncy might in
frequencies higher than the detected maximum
fact exist in ffeestrcam. Howevex. the contribution from tbese
frequencies to the tolal disturbance ene_'gy would not be expected
to be elgnif)cant Since wend wave distmbamce in freestneamwas
originated from the turbulent boundary layer of the noz.de waU,
its pow_ spectrum was clmely relale.d to thatof the m_ulent
fluctuadom in the boundmy layer, which docayed rapidly with

wave oumbes,

DETECTION OF TRANSITION

Mamy physical quandties are sensitive to variations in the state of
_e boeodmy layer,and any of theseproperties may be usedasa
criterioa fix determiningtramidon. Owen et al(_ ckSned the
Onset of trensition as the pointwhere the Stanton numhera §rat
consistendy exceeded the laminar vldue. However, even within
lbe laminar boundary layer, the measured S_nton number may

not ab.,ays be consistent with the value p¢cdicted by laminar theo-
ry. Based on _e facl that/or a fiat plate with uniform pre_s_e, the
beat Irtnsfer i'ale decreaseswith Ibe distance from kading edge
unless the laminar nature of the flow is disturbed, the transiGon

point is defined, for the presentwm_ as the point wbere abeglen-
ton number has a minimum value.

ANALYSTS OF EXPERIMENTAL DATA

Model vibration can be a somoeof disturbance which would trig-

g_ ms . _ ........ 1 ,o, ts by Pili_nxo an_ anapovmo*"

was found that tber¢ existed a pronounced correlabon De,wee.quiet $uD$O01C wind tuutm, ,_ ,_ -- . . • __.. -

the Tollmic_-S_hlichfingwaves and _ vibrJtionsof the model.
The vibrationfTC_iucnCi_seemed tobc syr_-hronisedwiththatof

instab_P/waves. It was believed that the sareemechanism which
induced instability waves from body vibration in subsonicbound-
ary layer flow could drive the development of instahLlity and uan-
sldon m hypersonic flows.

Body vibraGon was picked up by press_e uansducen alounted
in the fiat plate model. The h_.qeency of the vibration was higher

"1

II

o.t
0.I

" 0 o

0

F'_gum10. OeviaSo_ of measured heat [nunslmratefrom Iheore6c_l
pre_c_n at x- 50 mm.

than the expected "IS fl_uencles. This vib_doo was a_ributed to
the suess wave UaveUing through the shock runnel test se_bx_
walland themodel suspension.

Shock tubes by nature create a flow wh_..b is fundamenl_y
unsteady, and care must be taken wben tppl)ing steady st,_*
analysis to _ results of such experiments. During Ibe perled
wbe_ uncontaminated testgas is passingovu Ibemodel, Ibe scM-
nation and static pressure levels are not coasUmt but decay iith

by an amount which is a function of the tunnelopentml
coedidons. However, a region of flow exbts wbere the m6o of

pressm_ across the expansion nozzle is steady, and the M ',_
number of the flow cam be considered constanL "l'beratio of sLy-
nation [xessum to dyntm_ pressme willabo beconstant,and (or

_w field around any body shape to Ix ready, the
measured static presstwesmust be steady w'oeeno_ _'i rk

rcslzd to stagnation pressure,providedthesepresstlreratio_
comtant, I_n a small change in Lbe overall pr_amre level wi_ IDa
cause substantial c_tn_e to the overallflow fiekl or the shalpeel'
the slream]ines, and a sl_ad_ state analyds may be used.

The situation for brat eransfer is slighdy differ:at. For _e Bow

to be coosidered steady, the Stanton number must be constaat.
which implies that the bca[ eransfer must decrease in proportioe to
the preducl of the mass flow rate with the i_covery entha]py, if
Ibe test flow cond_dons are computed on the resumption thai m

isentmpic expansion follows shock n_flectk_ in the ttsf,nttiee

regk)e., then it can be shown that. for coastam Stantoe number.
heat transfermust bavethefollowing rclafiomhip with stagnaScx_

pressu_P,

q _ po_-9 .,. (16)

_¢_e y is an effective ratio of specific beats far the nozzk expm-
s_n. Fm a X of 14, beat Uansf_ _pendcs_ on i_gnatio4_

pressureto the pov,crof 114. For thepurposesof determ]nin| the
duraGon of the steady flow period,this power d 1-14 w_ ignore:5

for numerical expediency, and the heat trtnsfe_ riles were
normalised by stagnation pressure directly Fm a decay m stq, aa-
tionpressureof 30% thiswould lead tOan errm'of 5% in Stlz_0o
number, and does not substantially affec_ the conclusions
from the data.Rca_0nably _eady normalised traces were obtaieed
in the I,mintr flow regions even with this simplifc.ttlon. Ftlu_
tO cempa.res the measmed beat transfer ratesatdistance o( 50 mm
from leading edge with cadculated values sing Ecke_'s_) t_fer-
ence temperatm'e method under different teal conditiom.
conditions at the bcgLnnLngof the test period _,e_ selectedfm
calculation. The measuJ'edbeat transfer rat,, was takea at
momenl when the pressureratio first reached tbcsteadystate.Tbe
Ri_ve eno_ are sees to be within ±20% Rgure It ShOt3 a
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cor_iSc_s.

f,jroup or me.we,:] heat transfer rate distributions in termsof Start-
ton number along the plate. Toe predicted tux'ouknt beat transfer
isles were obtained from Stolkry and Cokman't_) t_atment of
Eckert'l empirical correlation. 1'be virtual origin for the terbuknt

boundary layer v, "_set at the onset of transition.
Transitional fl,_w in boundary layen is charactefise..d by

unsteady phenom:na, and cannot be described completely by
either [aminar or turbulent steady flow procesr,_, llowever, a

to $ive estimates of averaged no pmpcru
I_'lt lind turbulent flow (:on'elations. It ts bt.s,M oe the ar_umD-
llOn that Izansitional flow may be described by altematinl periods
of laminar and turbulent boundary layers. An intennineacy factor
7 is used to indicate the balance between the Iv,. periods.Once

_t_k_,/a_ droe,..av),flWd_'dMeql _a

the value of y in the trtnsitioa zone is Imov,'n. an tclod).ntmic

quantity. My t"k can usury be _voximued fn)m iu laminar tnd

turbulent values by.

f) = (l_'/)t,)¢ + '/n T ...(11)

where _ and f_ denote respectively the values of fl for fully
laminar ,u+d fuUy Im'buknt flows. Dhawm and Nartsimhd_ tu,ed

an equadon of the form Eq,_tion (17) to predict skin ffictioo cner-
ficient in transitional bouedary layers. From Reynolds analogy, •
similar equation can be usedfor beat transfe_ snalDLt,

St=(I-,/)St, +'tSar ... (IS)

In tbc case of subsonic and supersonic wind Iz_e| tests. _ dis-
tributioo of the inzermittency fsctor in the transition zone eta be

measured wiLh bot.wi_e velocimeta', or pimt probe lacedclose to
the surface of the model. In hypersonk shock tunnel test. use of
hot-wire and pilot probe in the remarkably thinboundary layer
seems to be impossible. HowcveL there is ¢ont-kkrabk evideaee

to suggest that transitional characteristics in bypetsonic boundary
laycn are similar to that in subsonic boundmy layers(_. Hence,

tical or empirical correlations obtained for incompressible

boundary layers were used for the ca|cu]z6on of y. Abo.Ghannam
and Shaw 't_21)proposal of a correlation (or intermittency factor_n

subsonic boundary layer U-ansition reads

,/:,-e+(-S,') ...(,9)
The variable q it defined as

 Re- me,) ...
=(Re.-

It is seen from Fig. It that within Ib¢ lamiaar boundary layer
the Stanton number disu-ibution closely followed the theory. ,M'ter

through a minimum pint. the Sonton number mcrt.a_
rapidly, then fell again. The rite of t_ SumWa number indical_
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the breakdown of laminar flow.resultingin thehealtransfer

Froce_ being assistedby lu_ulenlu_ing in an inlen_ttent
mtnne'r. The increase in Stanton number, or beat l_ansfer rate,
continual as the boundary laye_ flow became more and more
u_buleat. The establishment of a fully mxbulent boundary layer
was _kod by • consistent _ in Stantoo numbe=raftez the
maximum value, albeit [be shape oi' the exi_-i_enud Stantoa
o be, rol w =
_ layer Ozeory. "l"be _ .... _$. Ii.
number with unitReynolds number is aim depicted in

feazure observed in data aa_lysis is _ the posidoo of

.nfiXbedydm-in$thetest,but fluctu-the O-t_itioo onsetpoint _was ._.t its natur_ is unsteady, and
ated ov_ • wide regmo, lransnbou y
the unit Re_Ids number was no( compktely cx)nstantthroughout
the test period, so thLs result was not uncxpeoLcd. In the present
study, the uncertainty of the onset position was constrained by
)all of the distance be[_'centwo consecutive tranr,ducerz. In the

turbulent boundary layer the measured beat tnmsfe_rates were
smalkr than prr_icted values. This could be at_buted to chemical
_, such as oxYSea dir,_stion, ,,vbkh would _oc_ the
recovery temperature of the bo_ary lay= flow. although

F't_om 14. Comparison of tr'&ns/_n data.

• e in beat transfer in lamLnzr region due to recombinatinn d

oxygen bit been reported for a shap cone model

(Germain ela/m_)
Transition results ate Usted in Table I. =long with ex

freesucam test conditions and unit Reynolds numben Figure 12
displays the relation between trtnsilion Reyooktz number and wall
to rw,overy temperature ratio TJT,. "rhete d=ta can extend SteUm
and Rud_tm's results in the low range of wall =recov,a_y _.l_._l_r-
alute ratios, ts well as reveal thai tl_ trarmlxm z,teynolm huron=

is pretsm'c tad eothalpy deperKknL Howcvar. in the l_ot of Re_n
Re,, (Fig. 13).the_ pointsc_llapr,nd clozely oe to a singk
curve. "l_z_s hnplied that, as poimed ou; by Rotsa), the
inflocnc¢ of presstwe and temperature on Lraesltion is thmuth
unit Reynolds number coupling. In both R$. 12 and F'_. 13, tb=
cffmt of Mad) number was not eliminated, Le. •It the datapoina
were plotted regardku of the Macb number= involved in test
flows. The ger_ra] uend of Fig. 12 sbows tl_z eransltinnReynokls
number deoreased with wall cooUng, contrary to the observttim
made by Car/< _a bet in a_eement with the results by
Deme_adet_ and Stetson tnd Rushtod"t.Another in_

di/'fere[z_e between the [xe,.sentinvasfigatiOo and those of pn_viml
investigatot_lies inth¢ m4:Ux_ of wall cooling,in thisexperimenl
the variation in wall to recoverytempers= ratio Was at.blared

by changing the stagnation enthtlpy of the flow w_k the wall
temperature w_s maintained constant, wbicb is the tame method

employed by Stet.u_o and Rusbloo_. The metbnds used by me_
other investigators wcxe the opposite.For this reason. Sletson tad
Ru_h;on'sconicalda_a were plottedin F,g 12 forcomparisen

Figure 13 implies thai there would be a simple relation betwem
transition Reynokts nt_mbe_and unit Reynolds number, and
r_laGonincoqx)ralesO_eeffects of Mach number, pressureand

wall cooling.
Following Nag el'¢_ discussion, the oct-relationbetween

and Re, can Ix written as

Re,: aRe,°_ ...(21)

where the conslant I is de;ermined thmuf,h the experiment sod
was found to be 2687. The Re:Re, rclaXiooship was compared

with experLmental and theoretical resultsof othe_ investigators in
Fig. 14. The transition zone was conrelated using Dbawtn tad
Nar'_ixrtha'st_ proposal,i.e.
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where c = 13-8, and was also determined through the experiment.

Equations (21) and (22) _e substituted into Equation (19) to
caJculatc the intermittency factor,

Re. - Re, = cge_04 ... (22)

Figure 15 shows tranfidon Reynolds number vs Macb number.
and it became apparent that the effect of Mach number on transi-
tion was influenced by f_,esu, eam p_ssure. Also incloded in this

figure ore Owen 't4sS| result and t simple cmxelation by Bowcutt
ea a/_) It should be pointed out that in the present investigation,

the tests were IL_formed on cbcttmc 6xed geometry nozzle.in chemical
and changes in Mach number w_e due tothechanges varied.
composition of t_st Sas wlgo the stagnation enthadpy was
Consequendy. associated with this Mtch numbe¢ variation was
tbe change in unit Reyookh number. Therefore. Fig. IS shouM be
regarded as the refle¢6on of the effect of unit Reynolds number o(I
transition when vkwed in M-Re_ space-

CONCLUSION =__.__=_
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The Superorbital Expansion Tube
concept, experiment and analys s

ABSTRACT

|n response to the need for ground testing facilities for super
orbital re-cmr) research, a small scale facility has been set up at
the Unitersib of Queen_land to demonstrate the Superorbital Ex-

Tul_ concel_. This unique device is a free piston driven,

triple diaphragm, impulse shock facility which uses the enthalpy
multiplication mechanism of the unsteady expansion process and
the addition of a secondary shock driver to further heat the driver
gas. The pilot facility has been operated to produce quasi-steady
tesl flows in air _'ith shock velocities in excess of
13 km/s and _ith a usable lest flow duration of the order of
15 ps. An experimental condition produced in the facility with to-

tad enthalpy of 108 MJ_cg and a total pressure of 335 MPa is
reported. A simple analytical flow model which accountsfor non-
ideal rupture of the light tertiary diaphragm and the resulting
entropy increase in the test gas is discussed. It is shown that
equilibrium calculations more accurately model the unsteady ex-
pansion prc=:essthan calculations a._sumingfrozen chemistry. This
is becau.¢,¢the high enthalpy flows produced in the facility can
only he achieved if the chemical energy stored in the test flow
during shock heating of the test ga._is partially returned to the
flow during the process of unsteady expansion. Mea.suremcnlsof
heat transfer rates to a flat plate demonstrate the usability of the
test flow for acrothen'nod)namic testing and comparison of these
rates with empirical calculations confirms the usable accuracy of
the flow model.

=

NOTATION

o speed of xound
d diameter of tube

h specific enthalpy
i slug length
I, a_) mptotic slug length
M, reflo:ted Mach number
mG mas_ per unit area of gas
too3 mass per unit area of tertiary diaphragm
Pr prandd numher

q heat transfer rate
Re Re) nolds number

T
!

U

W

X,

P
7
P

A. J. NEELY and R. G. MORGAN

Depadment of Mechanical Engineering,

The University of Queensland, Brisbane,
Australia

temperature
" time

velocity
shockdensity ratio
shock tube length

Mirels parameter
!aria of specific heats
dynamic viscosity
density

Subscripts
1...20 gasstates
a.b...z variation of gas state within flow region
• edge of boundary layer
I interface

r recovery
R reflected shock
s shock
w wall

I. INTRODUCTION .

With the increasing interest in the design of vehicles intended
to enter the atmosphere of other planets or return to the Eanh's
atmosphere from heyond Earth orbit, experimental facilities will

bc required to allow aerothcrmodynamic ground testing of flight
vehicle conccp_'_ and component,,. The envelope _f flight rc_ime_
fur t_",,: tehi¢le,, i,, expanding. Recent pararl_.'tric ,,tudi¢_,on
missions which invoh'e Mar_ entry and Earth remm 'l' fore_e

aerocapture manoeuvres in_ohing atmospheric approach veloci-
ties of up to 14-.5km/s. It hasnot been possible to produce flo_-s
suitable for aerodynamic testing, at such speed_, in any existing

ground basedfacility. Even the most capable testing facilities such
=L_free-piston driven shock tunnels and expansion tubes are limit-
ed in the maximum flow ¢nthadpiesthey can produce. In the case
of reflected shock tunnels this limit is due to the high temperatures

and pressureswhich must be contained in the stagnation region
before expansionof the flo_ through the nozzle, and the associat-
ed energy losses through radiative cooling. The standard single
stage driver expansion tube does not experience this limitation,
but its performance is limited by the strength of the shock wave
produced by its driver. Flow _elocitics up to 99 km/s have been
achieved in a free-piston driven single-stage driver expansion
tub<''2).
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Non-reflected shock tunnels can produce shock speeds which

are fast enough for superorbital studies_t'. Ho,_tver. all the energy
is added to the test gas acrossthe sh_'k, which produces a disso-
ciated, ioni_d plasma quite unsuitablefor aerodynamic testing.

The Suwrorbhal ExpansionTube is a new hyper_elocity facili-

ty designed to produce flow conditions in a variety of testgarbs at
,velocities exceeding Earth orbital velocity. It operates as a free

pi._on dritcn, triple diaphragm, impul_ windtunnei, it differs
from the standard expansion tube layout with the addition of a
_conclar2,.' driver _ctiun in _hich the primary driver gas is used to
shock heat a _condary dri_'er gas. boo._ing the driver perfor-
mance. A small scale Supero_ital Expansion Tube facility is

currcndy in _peration at the University of Queensland"', and is
being u_ed to insrestigatethese h)_n'c|_-it)' flow regimes using
lx_h air as testgas. rep_ed here. and carbondioxide testgas.

Test conditions are onl)' u_eful if the stateof the gas in the test
flow can be quantified. A_ bell a_ di_u_sing the operation and

performance of the I':,cilit._r. this paper al_o outlines the equilibri-
um anal,,,i', u,,cd to calculate Ihc ,4ate of the tc*,t tiaras; u,,ed in

expcrin_nts in the small v:ale Superorbhal Expansion Tu_. This
analysis is also appropriate for flo_ calculations in a standard ex-
pansion tube or an)' other facilil) using an unstead)' expansion
generated from the shock induced rupture or a light diaphragm
t* ith a large pressurediflcrenc¢ across it.

2. OPERATION OF THE SUPERORBITAL EXPANSION
TUBE

The operation of the Supcr_hital E_cpansionTube is descrihed in-
Morgan and Stalker,". it u_ the phenomenonof enthalpy multi-
plication at"the lest I_owthrough an unqcad.vexpansion as used in
the standard expansion tube. ck_'ribcd originally by Rosier and
Bloxsom '6,. In this processthe tolal enthalpy of the I_ow is deter-
mined by the extent of the final unsteadyexpansion oflhe test gas.

The la).uut of the facility is sho_n in Fig. h The tunnel is dri-
ven b)" a helium filled, free piston driver which is used to shock
heat a helium filled secondary driver section (2.11 i m in length).
_paratcd from it by a heavy diaphragm 11.6 mm mild steel.
52-5 MPa hur_t prcssurel. The primary driver, designated TQ. w=cs
originally clcsigned for u_ _+ith a _mall scaleshock tunnel. It is of
limited performance z_ it can onl) produce driver gas tempera-
lures up to I800K. The cornpre_ion tuhe of the primary driver
ha,; an internal diameter of 100 mm and u_ a 25 kg free piston.
The r_,condary driver, shocklU_ and _-¢eleration tuhe .,,e_.-tions
=re all of constant area (38 mm internaldiameter).

The facility can he _ratcd in t_o driver modes. In the first, or
retie'red, n_l¢ the drher gas is stagnatedat the end of the ._-
ondarv driver ,_',ction and exhaustsinto the test gas contained in
the sl_ock tuhe _ction (of adjustable length, initiall) + 3.15 mL

_l I

w

Figure 1. Layout of the smaflscale Superod_talExpans+onTube
faca_y

Figure 2. Wave diagram ol the flow process in the Superorbital
ExpansionTube.

which is _l_'u'ated from the ._condasy dri_¢-r b)" a thin steel
scconda_.' diaphragm (0.6 ram. 12-4 MPa bur_t pres,,uret. In the
second or straiEhl-through mode the Ihin _¢el seconda_ di-
aphragm is replaced with a lighl cellophane diaphragm (23 ram.
95 kPa bur_t pressurel which ruplures v, ith the ampul of the
shock. The _cond mode is the prefcn'ed mode of operation. Be-
cause the I_'imar> shock speed is ovcnailored, the reflection of the
sh_k in the fir,,t mode _ould he expected to contaminate the
driser gas and reduce Ihe driver's performance. The experin_nts
de_rihed in this _,_rk u_e the preferred straight-through mode of

oi_ration.
In bulh rno_s the resuhing shock wave preT_agatesinto the

shock lUhe _eclion and accelerates d_ quiescent test gas. The
;hock wave lraver_es the shock tuhe and ruplure_ the light tcrliary

diaphragm (9 mm grocery wrap material. :20LPa burst pre,;surel
and then _-celeratc_ to a higher velocit)' as it pa,,_s into
low pressure accelerator gas (helium or air) contained in the
acceleration tuhe (I-28_ m in length, adju.+table).The test gas
folbav.ing the shock is also further accelera|_t as it i,, expanded
unsteadil) into the acceleration tube. At d_ exit of the
acceleration luhe the IEM gaspa_e_ over the in,_trumcntedmodel
nr_unted in the test .,,rction. Helium is the preferred accelerator

gas a.s it has a low density and sub_queml)' Io_er Math number
gixing Io_er pr¢,_surcand temperature ratios than air for the _m¢
shock speed.

h i_ the addition of the _condar_" driver _-'<tion u,hich. unck'r
the appr_,pnatc owratin _ condition',, i.cahh: to Ix_.,t the Ix.-rfor-

of the facility _)ond that of a standard frec piston dn,,en
expansion tu_" as reported b)' Neely er _P-". In an expansion tube.
the Wrl_wnance of the facility, Ihal is the flow emhalpy which can
be produced, is a function of the stren_.thof the initial incident
shock _a_e produced b) the driver. Morgan and Stalker'*, d¢-
scrihe the wrformance enhancing inechankm of the _condaJT
driver _ ith the useof a wa_e diagramof the _lov, IFig. :2}.

The primary and _condar7 driver ga_ in regions 2 and ._
reswcti,,el ) . ,_hich are lx_h helium, ha,,'c the _m,¢ pre,,,ure and
_l_'it) a,, the)' arc _parated onl), h) a gas inteKacc.Thus if the
frec piston driver is ol_rated so Ihal I}1¢prima,"3 sh_x'k is o_,ertai-
Iored then the helium in region two will ha,.e tl_ higher H_ed of
sound. The driver ga_ is _hercfore able to drhe a higher sh_x:k
s_rd thrt_gh the test gas contained in the adj,-one shock tuhe
than ,_t_uld I_ passible for a single driver anangement v,her¢
region three drives the test_.asshockdirectly-
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106 I_kl/Kg

econdary driver fill pressure tkPa) 60
shock tube fill pressure tPa) 800

ration tube fill pn:ssure tPa) I0
air

test [Za.s He

acceleralOr I_as lint I "6's5
,,hock tube length
final prin-gi.._' ._hocks_'_l InV',) 6450

mds) 7280
final _condary shock speed
6nal tertiary shock .,,peed tm/s) 1.1000

Table 1

Experimental condition

3. ESTABLISHMENT OF FLOW CONDITIONS USING AIR

TEST GAS

A number of test condiiions for the small ._ale Supero_hal Ex-

pan,ion Tube have I_cn establi,.hcd by investigating a range of

filling pressures in the seconda_' driver, shock tt,_ and accelera-

tion tube _ctions. The high_t enthalpy experimental condition

prc',duced in the facility is set nut in Table I.
For the high shock velocitie,_ produced in the shock tube

(> 8 km/s) it was observed, during initial testing. Ihat there was

severe attenuation of the flow _ith the ,_hock b_ing slowed by up

to 2 km/s _hen it reached tl_ terliary diaphragm. Tim degree of

attenuation is a function of the ,_hock ,,elocity. To a,,oid the result-

ing decreaL_ in performance due to this vi,,cous rio,,,, attenuation.
of the shock tube _ere removed to reduce its length (to

1-625 m) _ that the .secondaw shock reaches the terliary

diaphragm before significant attenuation has occurred. Final

tenia.ry shock velocities in excess of 13 km/s were achieved, for

the condition dc_rihed in Table I. v.here a period of u_bl=

quasi-steady test flow of 15 IJSduration was obsened (Fig. 5l.

Static pressure levels were recorded at a number of stations

down the length of the three _ctions. 'These mea__urements were

also used to calculate the shock speeds in each section. In d_ ac-

celeration tube. ionisation det_'_ors were mounted in parallel with

the pressure transducer_ and _ere used to confirm the shock

speeds. A typical record of v, all static pressures measured in the
acceleration tube is shov, n in Fig. 3. illustrating the development

of a region of steady flow between the tertiary shock _ave and the

trailing expansion wave. Paull '_' proposed that it is either this

expansion wave. or the reflected wave emanating from the interac-
tion of the upstream head of the unsteady expansion v,'ith the

driver-rest gas interface in the shc,.'k tube. which terminate_ the

le_[ flow.

A standard PCB pie/oct,'eric pre_.ure transducer, in the

configurat,on de,_crihed b) Nccl_ e: ul_:', _,as initially u_d to

mca,,ure the centreline piux pressure lexels in the test flow.

Shielding was required to IXCXcct the expensive PCB transducer

from fragments of the primates diaphragm which may be carried

down the tube by the flow after rupture. This shielding increases

25 Id_it I d,v
i.__ t,m ire,t4

lS i_1 I(llv

Figure 3. AccelerabOn tube wall static pressure h,slories .showing
calculated txrm lor _ passage of test slug

(tertiary shock speed = 10-7 kn'Vs).

Figure 4. Detail of aluminium,_ead bar gauge used to measure
centreline pitol pressure.

the respon_ time of the gauge, due to the filling of the cavity he-

ween the transducer and its shield, to the older of 10 Its (com-

pared with 2 ps for unshielded operation a_ _t_ ob._n'ed for the
_ush mounted wall I_rtssure gauges). Thi_ configuration is there-

Fore unsuitable for the high enthalpy. _hon duration Itmvs of thi_

%tudy. The ,,hielded PCB was u_,cd for ._t up run_ to determine it" a

suitable flow was established, in v, hich the bar gauges

descrihed Ixlow might b_ u_d.

The bar gauge has been de,,eloped as a rtlati,,ely cheap clc_ ice

which can therefore be placed directly in the flow witlxmt shield-

ing. The bar gauges used were bared on a design developed at the
ralian National University'" for use in the T3 free-piston

driven shock tunnel. They consist of a thin piezoelectric film

sandwiched between a sensing bar of aluminium and a tail of

tin-lead alloy (Fig. 4). The de, ice operates by measuring th_ in-

tensity of the stre_ wave which propagatc_ down the sensing bar

to the piezoelectric film _hen the gauge is aerod)namically

loaded. The material and din_n_inns of the tail are churn such

that the stress wave v, hich propagat_ into the tail will not refl_'l

back do_ n its length Ix'f_e the period of te._ flow is past.

Typical v-all static pressure and centrelin_ pitot pressure histo-
ries. recorded at the exit of the acceleration tube. art shown in

Fig. 5 for the high enthalpy test condition. The static pressure
trace sho,,vn is from an upstream transducer as the exit transducer

race was found to he more susceplible to noi_, a._ can be seen in

Fig. 3. High frequency oscillations visible on the trace'_ are consis-

tent with ringing of the gauges in the nmunts and were al_ seen

in calib_tion tests. This behaviour is not dx_ught to be a flow

phenomenon.
Calculations indicate that the passage of the slug of accelerator

gas (5 mm in length) should last less than OS ps. and is theref_e
not resolved by the instrumentation. The traces are therefore

indicative of the I_s_ge of the test gas. The calculated pressure

level_ for these test flo,*s are indicated in Rg. 5 and are discussed

P.

FKjute 5. Centreline pilot pressure history (upper plo_) and
(lower) walt stalk: pressure history for 108 MJ/kg test con_tion

(Note: P. measured 780 mm upstream of P_

99



in • later section. As can be seen from the pilot pressure trace.

problems were experienced with the rise time of the bar gauges
used to measure the pilot pressure.Caltbcation tests with the bar

gauge flush mounted in • blanked off tube indicate a gauge rise
time of 4 ps. This rise time is increased will_ the addition of the
flow establishment time for a gauge placed in the freestream.
While this is not ideal, it is adequate for resolving the region of
steady flow which is observedin the static pressure traces.The bar
gauges would also be expected to suffer less from temperature
effects in the hot flow due to the displacement of the piezoelectric

film from the sensing surface. Development of the bar gauges,
_hich are custom made, is continuing in house, and an impm_,'ed
response is anticipated, which .,_houldgive better definition of the
limits of the lest flow. It is also possible that the use of scored

primary diaphragms will eliminate the problems with debris and
allow the use of non shielded PCBs to measure the pilot pressure
kvels in the flow.

4. ANALYSIS OF TEST GAS FLOW STATES

4.1 Approach

This section covers the analysisof the proces_s to which the test

gas •lone is subjected, and leads to an estimate of the flow condi-
tions u.hich are achieted in the expanded core flow. No attempt is
made hcr_ to model the driver flow although the perfect gas analy-
sis from Morgan and Stalke_ 5' _as used to help in determining
the optimum dri'.er conditions. The analysis is one-dimension•l.
and no_ fully predictive in nalure, in that the experimentally
mea.sured values of the secondary and tertiary shock speeds are
used. This is seen as being an essential tool for the preliminary
e,,aluation of the experimental results.

In a parallel study '¢_ an axis)mmetric Godunov scheme with
laminar viscosity and equilibrium chemistry is being used to sim-
ulate the experiments, and is expected to add important detail to
defining the extent of the usable flow in space and time.

The approach of other researchers to calculating expansion tube
condition._ is interesting, and can potentially be usefully applied to

the current configuration to improve understanding of the com-
plete flo,_' conditions. Wilson'1°' hasperfon'ned • or_-dimensional
finite rate chemistry simulation with diaphragm inerlia represent-
ed by a finite holding time for v,hich the shock tube acts as a
reflected shock tunnel. The code v.as used to simulate the condi-

tions produced in Hypulse. the GASI.. expansion tube facility|".
and predicted an unexpectedly high level of dissociation in the test
gas due to the strength of the reflected shock from the secondary.
diaphragm. Sub_equL'ntanal)_is by Bakos and Morgan 'L'' _ith an
tmproted diaphragm anal),_is, and a criterion fc_r the onset of
chemical freezing, indicated that thi,_ level of dissociation was
ot.ereslimated As discus_d below, chemical freezing of cnthalpy

ha_,_extra significance in the Superorbital Expansion Tube because
the emhalpy muhiplication effect across an unsteady expansion
do_s no_act on fro/en chemical enthalpy.

Jacobs,l_, i_rfom)ed a pc|feet gasaxi_)mmctric analysis of the

H)pulsc facility, v,ith viscous effects. _hich revealed useful infor-
mation alx)ut the integrity of the contact surface, the extent and

uniformit) of the test flow di,4urh,mces,and deparlures from one
dimensional flow in general. TI_ high static enthalpic,_iw, el,,ed in
tl_ _uperor_ital facilit) preclu_ the u,_eof perfect gas analysis.
though the u,_efulne_s of a l_o-dhn_n,,ional code is clearly
tllu_,trutcdin this rel_n.

It is r_een that none of the cunently a_ailable codes is able to

fully predict the operation and test ctmdition., of the superorbital
flo_. The anal)si_ de_elopcd here was configured to model the

dominant effects influencing the flow (i.e. viscous shedc attenu,t-

lion. diaphragm inertia and the unsteady expansion with new
equilibrium chemistry) separately and sequentially in a _ay which
realistically follows a sample of gas through its pas_ge to the te_

section. Noting the limitations of this approach, good agreemem
v, ith the experimental results was observed.

4.2 Implementation of the flow model

As slated above, the observed shock speeds in the shock and ac-
celeration tubes are used in conjunction with the known quie_ent

le_ g&'_pressure to calculate the secondary and tertiary shot_
strengths. Real gas calculations of IheSe conditions are made using
an equilibrium analysis. The static pressure and the entropy level
behind the shock are determined and these are used to determine
the full gas state via an equilibrium ._heme. The validity of
assuming an equilibrium slate is di_u_sed later.

Calculalion of the changing state of the flow through the
unsteady expansion is i|nplementcd in • stepwise manner.
The expansion process is divided into a large numher of velocil)
increments (for these calculations. 100) which proceed from the
calculated starting velocity of the test gas (state 8, Rg_2) to the fi-
nal velocity after expansion (state 12). "rnis final lest gas

velocity is set equal to the observed tertiary shock speed as it can
be sho_,n by calculation that full Mirels H'hdevelopment of the ac-
celerator gas slug length occurs due to its low quiescent densit).
Calculation across each increment is governed by the standard
equation for a simple unsteady expansion wat,e _-hich relate¢,the
change in static enthalpy to the change in velocity and the local
speed of sound.

dh =-ado . ,.(ll

A calculation of the entropy and static enthalpy of the flow is
made at the initial state eight. For equilibrium or frozen flow the

expansion is isentropic. The gas condition is uniquely defined b)
the static enthalpy and static entropy and the E_/sra_ecod_ *s' is
used to iterate, at the end of each computed gep. • solution for

pressure, temperature and gas composition. The Crek subroutines
developed by Pratt and Wormeck, t*_are used to calculate the equi-
librium composition at each point. These subroutinesare valid for
35 ionized and unionized speciesin air between 30014and 24 0001C
The process proceedsuntil the final velocity is reached, thus sup-
plying the final stateof the testgas. In this processit rams out that
the determination of the initial gas st•re after diaphragm rupture.

_,hich then undergoesunsteady expansion, is a critical step.
The lightest possible tcrliary diaphragm is usedto separate the

air test gas and the helium accelerator gas. Ideally this diaphragm
would rupture instantaneously and. having no ma_s. would hate
no further influence on the flow. But a.shas beenreported in preti-
ous expansion tube work'n' even the lighlcst diaphragm does nc_
hehaxe ideally re_t,lting in two principal non-ideal effects. Their
arc reflection of the incident secondary shock v,a_e into the on-
coming test ga__and momentum loss from the expanded flow due
to the energy required to accelerate the diaphragm mass after
rupture. This behaviour can be observed on a more detailed wave
diagram for the flow in the vicinity of the tertiary diaphragm IRg. 6).

Operation of the facility has sho_n that the leni:u'y diaphragm
material does not petal, but is sheared off around its cir_:un)fer-
ence. leating the now unaltached m.alert•l, whether it be solid or
_apour. to travel with the flow. The subsequent motion and
beha_iour of the diaphragm is unclear. The strength of the reflo.'|-
ed _.hock a_ it traverses the test gas i,_de_,.'ribed _ell b) a simple

inertial model, but the talues of tertiary shock speed measured
ct_uld not be _-hieved if the diaphragm residue remains a,_ an
ol_,tacle to the fl_ for more than aboul one tube di•meter dou, n-

_,tr,.'am. Stalker _'' has tugge,,ted Ihat fragmentation may allow I¢_

ga,_to leak pa%tthe diaphragm. Independent of v,hate_cr happen.,
to the diaphragm, the boundary conditions for th_ te_t ga¢.ac'_s

100 m
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Figure 6. Wave diagram for the flow near the tertiary diaphragm.

Zhe unsteady expansion are determined from the strength of tbe

reflected shock and from zbe experimentally n_asured tertiary

shock speed. The analysis presented here relates thc_ boundary

conditions to give a prediction of the final flow' prolxrties.

Pctaling of the diaphragm may be the preferred rupture mecha-
nism as il would anchor abe material to the diaphragm station, but

for such a light material it is hard uo achieve. In this instance abe

diaphragm is impulsively Ioack-d zo two orders of magnitude

above its static ru_urt pressure, and circumferential shearing

occurs. Auempls 1o acti,ve]y rul_urt the diaphragm in a controlled

have been mad,_ =*' and continuing work on tbe_ methods

is being carried out in this department.
non-ideal diaphragm effects must Ix: accounted for and

have a significant influence on the calculation of the zest gas state.

Th¢ slug of shock heated test gas which arrives at the zertiary di-

aphragm (Fig. 6. region 6) is processed by the reflected shock

wave (region g) and there is a resuhing entropy rise in the test gas

which depends on the s_rcngth of the reverse shock. It then passes

through the unsteady expansion which deselops behind the

accelerator gas--test gas interlace.
The source of shock heated test gas for the expansion is non

uniform. The first pan of the tc'_ gas slug to arrive (region 6a), is

stagnated by the shock which is reflected from the tertiary di-

aphragm (region 8(1) and is then expanded from this stale. Once

the diaphragm rupturc_ thout'h, this stagnation of the flow no

longer occurs as the reflected slxx'k is attenuated b) thc expansion

v,avc,_ (regions RI .-L e,,cn';all_to a Ma,.'h base. and is no

IonL_er szron_ cl)ough t_ hfi;_c t_..: oncoming tc_l gas to a halt. The

lest gas may thus Ix expanded I'rom a range of initial gas states

(8,...z) all of varying entropy.
Calculation of the expansion process and the resulting state of

the test gas must Ix mack: for ¢h=_range of starting conditions. It is

perhaps easiest to consider the t_o hounding exzreme_ of the start-

ing flow. The first extreme is the initial pan of the lent gas slug to

enter the expansion (region 8u) _hich x_ill also become the first

part of the final ItS[ flow This region of test gas is taken as initial-

I) stationary with conditions &termin_d t_hind a fully reflected

shock bringing the |c_l¢oasto reM.The otherextrct1_ isthe termi-

naling case (region _l) _hich isthe finalpar1 of the lestgas slug

zo make ilinto region I"_bchw¢ zl'_end of the accelerationtube.

calculationor this,;taleisk.-_sszrait-'htfury,ard.

By zracin_ a panicl< path t_ough the unsteady expan,,ion,the

exit point of the panicle ma) b< determined. Paull:' setout som¢

simple (me szcp anal)zicalrelationsfor the panicle path through

an unsteady expansion, direcal)relating the enlrance and exit

trajectories. Unfortunately th¢,_ r_lations are for an ideal gas and
a constant value of the ratio of specific heats. As Ibe

variation of ¥ has significant effect through the unsteady

expansion, it is necessary to fully track the particle using the equi-
librium scheme described earlier in this _ction. By adjuring the

entrance tin_ into the expansion, diffcrtnt panicle paths may be

simulated, and the appropriate one chosen.

The disturbance (u + a wave) emanating from abe point whe.R

the interface, separating the zest gas and secondary driver gas,

catches up with the attenuated rcflecred shock mug also be
tracked as it, rather than the trailing expansion wave. may termi-

nate the test flow" (Fig. 7). This occurs in a similar fashion to d_

described by Paull 't_ wbereby the zeslflow is lerminaLcd

by the wave emanating from the interaction I_ween d_

driver--test gas interlace and the leading expansion wave.
Calculation of the terminating particle paths, for the flow condi-

:ions and facility geometries descdhed here, reveal that only a

very small fraction of the shock heated zest gas in region g reaches
the final test flow and [hat iz is the uailing expansion wave which

terminates the test flow rather than the reflected wave (F'tg. "/).

This indicates an expected period of steady flow of 17 ps which is

of the order of that observed. This also suggests the tunnel geome-

try described may no_ be the optimum configuration for the flow

condition. Disregarding any further altenua6on of abe zeniary

shock, calculation of the trajectory of the reflected wave suggests

that the optimum length for the acceleration tube at this condition
is 5 m. This would significantly increa_ abe slug length of nest

flow and thus extend zbe test time to 60 ps. Ho_cver, ope_liOn of

the facility with longer _cceleration tubes _as found to can-_

severe attenuation of _¢ tertiary shock speed.

To d_zermine tbe point of interface catchup and the strtnglh of

the reflected shock at the he, inning of the tem_inating particle

path. iu is necc',sar_ To model the b,:ha_iour of the ICrlia_.

diaphragm after rupture. Me)¢r '-'_' dcvelol'_d an analytical one-
dimensional model for abe impact of a shock_a_e on a movable

_all such as a diaphragm, and the subsequent _a_e behaviour af-

ter impact. Tbe model though is only accurate for weak incident
shocks. A mort appropriate anal>tical model has been des'eloped

for the Superorbital Expansion Tube and is de_'ribed ber¢ for tbe

strong shocks experienced in the flows considered in this study.
The residual influence of the tertiary diaphragm after rapture i_

repre_ntcd by the inertia of the diaphra_znt as it is conv¢czed
dov.n,,trcam'*' in a similar form to [he ac!hm of a free piston. The

mass of tbe ruptured diaphragm i,_ accelerated do_nslr,.'am by th_

pressure differenceacross the diaphragm, the pre,;,,ure['x.'hindthe
rcflcct,.'dshock being far greater than the quie_'en|_.'celerah_r

gas pres,;urt (initiallya.s much as "_00000 zin_s} and

the suh.,cqucnzshock bealcd accclcratorgas pres,,ure.As thisoc-

curs expansion wases propagate up,,tream l_m the diaphragm.

escnzually auenuating abe reflectedshock zo a Math wave.

O__4t PAGE ISOF QU&LITY
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acceleratingdiaphragmalsosends compression waves dov,'n-

stream into the accelerator gas _hich quickly converge to form

the tertiary shock (Fig 6).
As the reflected shock and the diaphragm ate initially in close

proximity (v.ithin one tube diameter) and the sound speed behind

the reflected shock is very high. it is assumed that the expansion

waves emanating from the diaphragm inm)cdiat¢ly catch up with

the reflected shuck and that the attenuated shock pressure is im-

mediately realised on the face of the diaphragm. Thus we have

specified a region of uniform gas velocity hetween the reflected

shock and the diaphragm remnants. The velocity of the interface,

,/. formed I_ the diaphragm remnants, is determined by the

integration of its acceleration From rupture.

I. _+3 (p_-Pl,) . ..(2)
", =, ,,. (,,,o,+mo)

where ml, is the ma,_s of the diaphragm material per unit area and

m,, is the ma,,', of the _a'_ I'_r unit arc'a v, hich i_ contained hel_,'c_'n
the re_ cr,,c .,h_.L. S,. and lhe tcrtia_ ,,h_x'k. S_.

,,,o: p,(.,,-:,s,)+p,,(.,,.--",)
The diaphragm velocity may then t_ u_d with the known in-

coming le_ gas vclocit) to determine the strength of the reverr_

shock at e_'h moment m-
i

1, ](.,-.j(-r+l): "
M. : 4--:-+ +i ...14)

A_ the reverse shock travcr_s the lest _.a_ it induces an enlropy

change in the gas which may be d_tcrmined from the Mach num-

ber, Mit. calculated from Equation (4). The period it lakes the

shock to traverse the slug of test gas is small (< 15 IL_) and it can

be shov, n that only a small displacement of the diaphragm bill oc-

cur in this time indicating thai it is permissible to determine the

reverse shock strength from the them) presented. It should also be

noted that as the initial pressure Ioadings on the tertiary di-

aphragm are small (less than V:sth of the burst pressure) there will

be no significant pre-defon_ation of the diaphragm further sug-

gesting o11¢ dimensional behaviour and circumferential f'ailurt of

the light diaphragm material.
.As this simple diaphragm anal)_is assumes idea] gas behaviour

there _ill be sonar inaccuracy assc,ciazed _hh its use on the high

entha]py conditions considered here. This analysis though, is only

u_d to delemline the shock strcnglh at the beginning of the lemu-

naling panicle palh. The u_ of an adjusted value of the ratio of

,cWcific heats, v, hich is _t equal to thai n_es._'y to match the
inilia] _,alue of M Rcalculated from Equalion (4). against thai re-

quired by the iterati'_e equilibrium scheme to full) stagnate the

tc_,l ga- lr¢_ion ga_. help,, to minimi,¢ the error, h ,,hould h: noted

thai the enlro_) change acr_'_ the reflecled sh_.'L (M= - 3.6) is

much less than that across the incident sh,.x:k (M_ - 20), so that

errors in this procedure are _cond order effects, flow condition

To calculate the velocity of the gas behind the attenuated re-

vcr_c shock at 1he beginning of the terminating particle path (Stale Fio_ state

gn). the selocily immcdiatel,_ up_lream of the _hock must he

determined..Mthough the sh_x:k heated lest gas in region 6 is

nontinally indicated as being a region of uniform flow in Fig. _.2

and Fig. 6. i1 is in fact a region in _hich there i,_ a vdocit) gradi-

cnl induced b) ,,iscou_ effects. Mirel,," anal)Jsim '_'' was used to

determine the ,_eh_.-il) of vaious ix_inl_ in the region and this is

found 1o ha,,c a significant eff_'t on the final _alue.,, or pit_

pre,,?,urc calculated for the expanded lesl flo_.
N|ircl,." Ihe_w_s' impli¢_ that due 1o the _.iscou'_ effeclS of the

hmndar) la:,er grnwing behind the incident shock, the vehx:ily of

the ga,. behind the ,,hc_.'k _,ill approach Ihe auenuated veh_:ily of
the sl_'k at an as)mploliC slug length delcrmined by Equation 15)

(with sut),_-nl_s for the appropriate states of interc_).

d: T,(,, -..).__ ... (s)

A calculation of the actual siug length of ie_a gas at 11,,¢end of

the shock iul_ is macE: by solving Equations 16)'''_ and this is

compared, for the test flow de,riled in Table I. to the calculaled

asymptotic slug length in Table 2.

i_ x,
-_, U.) ] U.S

h can he _en from Table 2 that for both condilions the slug of

test gas does not reach lull development in _ shock tube. and

thus the velocity of the inlerface and the adjacem test ga_ does no_

reach the atlenualed shock velocity. Mirels u_s Equation (7) to

calculate the flow non uniformity hetween the shock wa_,e and the

contact ,,urface.
i

p,_= i_(/__I_ ...(7,
I_,", )0 L/. )

If we assume that the flow density remains es_mially con_lant.

an estimate of the velocity at a distance behind the _ck. v, hich is

less than the a_)'mpt_ic slug length, may be made.

i

-u " ...18)
M_,, ----/16., 4"(11_ _" l..

This is u_l 1o determine the incoming le_ ga, _-elocity adja-

cent to the I_ginning of 1he terminaling panicle palh (region 8n).

Jacobs ,t_' has sho_,n numerically, using an axis)mmetric Nas'ier-

Stokes code. that the ri_ in vclocily behind the shock is esscntiall)

of the form d_scrihed by Equation (gl.

For the inilial selocity determined in this manner, the gas

velocity and gas state across the reflected shock is calculated

(Table 3) and is then expanded through the unuead) expansion.

Once the starting conditions for the expansion process are de-

termined the remnants of the diaphragm are disregarded and it is

assumed the)" have no further effect on the flo_ .,.[ate. The effects
of the cu_aturc and shifting of 1he origin of Ihe expansion fan are

essentiall) confined to the immediate vicinity of the tertiary di-

aphragm and for ease of calculation are also dipteran:led. The

uw, lead) expansion is assumed to behave a,_ a simple linear fan

for the implementation of the equilibrium _'heme de_.-ribed

earlier in this ._.'lion."

Test conditioSl 105 .MJ_.lg

as_mptO¢*c ,,lu_elength I, _ml 0'80
actual ,lu_ len_h I _m_ 0-073

Table 2

Test gas slug lengths at the end of the shock tube

reflected Math numt_r

pre_,._urt (kPa)
tcmlxr_ur e {K)

' _.lauc enth.dp._ IMJ_gl

,,elocit) (m/_l

rati_ of _'<_.'1fi¢ hcat_,
ga_.Ctm-lanl (J_gK)

tolal pre,-ure" [MPa)
tolal enth.alp)" (.MJ/_._t

"delcnmneJ b_ i,,cntrupi¢ ,aagnati_m

Table 3

IM MJ/kg

a n
366 3-51

7672 ?095

1¢,6.-"0 15431
5&" 55-6
0 ._3'_

13g 1.39

._71 ._70
7O7" 7140

58" 55.7

Calculated flow states behind the reflected shock
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.'1o_ condition

calculation rncthod

flow state ! 2

_,eJoch)" (m/sl

i pres_uR (Pa)
temperature (K)
density xl 0-!( kg./m_ )
static enthalpy (MJ/ggl
Math number

8as conslant (J&gg I
ratio of ,.pect]ic heats

piiOI p_,._.Utt t kPa I

Iolal pressure" (MPal
db,_'_csanonfr"aclions N

O

log _U/gg

equihbnum frozen

g • •

13000 130O0 13000

60"_8 5768
5976 5918 174

0.222 0.218 0-030
23.6 22.8 28.9

657 6-66 29.0

454 448 571
1.43 1-43 1.64

375 _ 51
286.8 3354 --

0.65 0-62 1430
1.00 I-(X) 1-00

'equal to mca,,urcd tcrlia_ ,.ht_.'k speed
• Lk'lcrn.ned b._ i,,enlroplL ,|d*Jll,ltlon

Table 4

Final test flow states calculated using equilibrium

and frozen theory

The tv, o ,tarring condilions _t out in Table 3 are u_cd in calcu-

late the limits of the range of test gas flows produced at the end of

the unstead) expansion. The calculated gas slates of the lest flow

(region 12) at the end oftbe acceleration tube. are set out in Table 4.

Tbe resulting calculation of static pressure and pilot pres_.ure

levels for each sta_ing condition can also be _en in Figs 5a and

5b. superimposed on those pressures measured in the experimen-
tal flo_. Examination of the flay. states before (Table 3) and after

expansion (Table 4) indicate a decrease in the static pressure of

Ibe test gas compres_d by the reflected shock due to the attenua-
tion of the ,,hock after diaphragm rupture. A slight downv.ard

pressure gradient in lime remains after expansion to the final flog

state. It ma,, be wen from Fig. 5 that although the merall levels of

predicted pces.sures are close to obse_ed values, the experimental

static and pilot pressure levels appear to increase slightly through

Ibe lest flOW.

Although the analysis included viscous effects behind the sec-

ondary _hock. the expansion to the tertiary shock speed was per-

formed u,cing inviscid theory. It is thought that boundary layer

growth in tbe expanded test gas (region 12) may be causing the
noted discrepancy. A calculation of the displacement thickness of

a laminar air boundary layer at the end of the test gas slug

(0-97 mm for the 108 MJ/Xg condition) indicates a contraction of

the flow core sufficient to produce a net pressure rise in the test

flow. Tbe analysis of Akman and Morgan i'h is targeting this

specific problem.
It is interesting to con)pare the final flow stales calculated by

m,.x.lelling the expan,,ion as an equilibnum prtx.'e,s _sith cal,:ula-

lions mad,: a;,,ummg a frozen e_,pansion prc_.'e,,+,. Calculation, of

the e_panded state of the test gas. required to match the ob_r,,ed

final velocity, were made for a frozen expansion by fixing tim
chemical stale of the lest gas after peocessing by the refit-ted

sl_ck (state 8). _ resulting expanded frozen states are al,,o ,.el

out in Table 4.

The high dis,_t_.'iation fractions of tbe nitrogen componcm of

the air for the frozen ca, e.,, indicate that large amounts of chemical

energy are stored in the flow after shock heating in the sh_'k tube

,,,,'el(on. h can be ,+.ten that the regulting temperature,,. ,.ratio

pre,_,,ures and pilot pre,,sure,_ of the expanded fro/en teq ga,, are
unreali_ticall) Io_,s gi,,ing suplx_tl to the as_,umption of an approx-

imately equilibrium pn_.'ess occurring through the un_,tead_

expansion. To achie',e the high enthalpy flay, condition,, pnxJuced

by the Suwrorbital Expansion Tube in experin_nts, the flow ener-

g_ u,.¢d to di,,mx.'iale the rest ga,, when it is ,,ht_.'k heated in 1he
_,h_ck tuhe mu,,t be at lea-t paniull) re_J,)rcd to the flow through

recon_inanon of the test ga_, through tbe unslead) expansion. If

this energy remained frozen as chemical ener D the observed tes_

conditions could not he achie_.ed it can be seen that allo,_ing

the expansion to proceed in an equilibrium manner results )a

significant recombination of the nitrogen componenl.

in the Superorbilal Expansion Tube. as in all facilities which

use the unsteady expansion process, the total euthalpy is not fix_

at any point in the flow a.s it is in shock tunnel facilities. Rathe*.

the Superorbital Expansion Tube relies on the ¢nthalpy multiplica-

tion mechanism of the unsteady expansion and thus an)" increa.-,¢

in energy due to recombination through the unsteady expanskxt

_ill Ix: multiplied by the expansion to prndu,'e the elevated final

enthalpies recorded. This is one of the main ad,,antages _hich ex-

pansion tuhes have over more conventional .shock tube facilities in

producing high enthaipy flows.
h should be noted that in reality, the chemical reaction,+ occur-

ring through the unsteady expansion do _ in ,.uch short distances
and times that finite rate chemical kinetics ut_uld come in to pla._.

TM,, b, e,wciall) true for the beginning of the test _,lug v.here the

test gas traverses the expansion wa,,e near it,_ origin and thus ex-

p,:riences the highest rate of expansion. TM equilibrium model

described here. though, allows a straightfo_ard calculation sis-

ins a useful indication of the final flow states, without having to

con_ider the complexities of finite rate chem/cal kinetics, h L_

planned that future developn_'nt of this model will include some

accounting for these chemical kinetics via the approximate

scheme de._ribed by Bakos and Morgan d-+'.

5. HEAT TRANSFER RATE MEASUREMENTS TO A

FLAT PLATE

As a demonstration of the ug-tbility of the superorbital veiocit.,,

flow produced in the facility for aerotbem_,.namic testing, ex-

perirnents in the test flow were conducted tO n'_asure heal transf_

rate+; to a flat plate for the 108 MJ/kg condmon. The flat plate.

65 mm in length and 25 mm wide. wa_,_mounted along the centre.
line of the acceleration tube exit at zero incidence to the flow (Fi_

g). It was instrumented with six pla(inunv-qua_ thin film resis-

tance thermom_¢rs, flush mounted along the surface al 8 mm

intervals beginning 13-2 mm from the leading edge. Although the
duration of the test flow is brief there are sufik'ient model lengths

of test gas in Ihe test slug to establish steady flow over the model

and a typical unsmootbed integrated heat transfer rate histo_

illu,,trating the es._ntially steady nature of the test flo_ oser the

• flat plate is shown in 'Fig. 9.

_ ,._'-- II_llle II1_ Ik4bt od

-- ,,m+ela0 el_l

.... .,_: 1-..4- ¢- _-..----- -- _ , __
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F_ure 8. Flat plate geornelry lot heat transfer rate expenments.
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Figure 9. Typk_alintegrated heat transferrate historyfo¢ 108 MJ/kg
condition, measured 13.2 mmfrom the leading edge.

As local Reynolds numbers for the flow over the flat plate were
helot 5 x l(P. calculation_ of the exWctcd heat tran.,,fer rates for

a laminar boundary layer ter¢ made using Eckert's empirical

reference enthalpy methodm_.

_'_- ._! ...(9)
q. =0-332p'u, Pr 'Re Z(h,-h.)

The starred values are evaluated at a reference entha|py defined

by.

h"=o5(,, +h.)+0 22(_,+h,) . (Io)
The cak'ulatcd test flow slate, set out in Table 4. ,,,,as used to

calculate conditions at the edge of the boundary layer and at the
surface of the flat plate using a pressuredistribution determined
by the weak interaction principle for a cold wall _::_, which is ap-
prowiate for the geornclry and flow slate in question. These in
turn _ere used to calculate the beat transfer rate to the flat plate.
The calculated gates are compared in Fig. 10 tith the surface tem-

perature histories w'hich were integrated, in the manner of Schuitz
and Jones':_,. to obtain the beat Iransfer rates.

For laminar boundary layers with similar profiles, the coeffi-

cients in Equation (9) arc all constant except for the local
Reynolds number. In Fig. 10 the Stanton number is normalised by
x -as v.hich is proportional to #/Re ''°s. and the steady level when

plotted against the wetted ienglh is seen to be constant, indicating
laminar flow. The level is also seen to be in agreement with

F.ckert's empirical correlation. This is an interesting result as the
correlations are unproven at these flow velocities and would not

be expected to account for high enthalpy heat transfer mecha-
nisms such as radiative beating thich increase in significance at

the elevated temperatures e_'ountered here.

Dips in the surface temperature traces at the arrival of
the shock, as can be seen in Fig. 9. ,,,,'ereevident on many of the

_o-3,

Snla4t

w,m,oa_

1o4

_ iiiF,inw_al ]

0
0 10 _ In 40 50 ao 70

z. ¢,a_ca _ _ edge (ram)

Fgjure 10 Plot of St normalised by a-°s versus distance tram lead-
ing edge for 108 MJ,I_g.

experimental traces. He ':_' observed similar dips in his fiat plate

experiments and postulates that they may be due to a decrea.se in
resistance across the gauge due to conduction through the ionised

boundary layer flow. For a uniform test flow the initial resistance
change due to this conduction is large with the starling of the sur-
face flow and results in a decrease in the recorded voltage. The
surface flow quickly becomes .qeady and the subsequent voltage
increase is due only to the increasing surface temperature. He sug-

gests that a simple first order correction may be made by effec-

tively shifting the origin of the heat transfer rate trace to the base
of the dip. This would increase the measured heating rates to a

level greater than the laminar calculation predicts.
The correlation of the empirical calculations and the integrated

measurements is good, indicating that the method of derermining
the final test riot states described above is effective and that a

useful core of test gas at superorbital velocity has been created in

the facility.

6. CONCLUSIONS

The combination of an added secoodary driver section to further
shock heat the driver gas and the enthalpy multiplication effect of
the unsteady expansion of the test gas allot the unique Super-
orbital Expansion Tube facility zo produce flats at superorbital
velocities, without the dissociation problems experienced by con-
ventional shock tubes at these speeds. The small _ale facility

used to investigate the concept has been operated to produce
quasi-steady test flov.'s with shockvelocities in excess of 13 km/s
and tith a duration of usable tesl flow' of approximately 15 'm%l_
Such high enthalpy flows are of importance in the design of any
vehicle used to operate t ithin a planetary atmosphere at velocities
exceeding Earth orbital Yelocity. such as in proposed missions
returning to Earth from Mars. No other existing ground ha.sed
test facility can produce test flows at these velocities, with gas
composition suitable for aerodynamic testing.

Consideration of the effet-ts of boundary layer growth and non

ideal diaphragm rupture on the flow have alloted a better under-
standing of the dominant flow mechanisms and enabled more
accurate matching of calculated and obser,'ed test flow states. In

particular account has been taken of the increase in the entropy of
the test gas associated with the shock reflection at the tertiary di-
aphragm and the resulting non uniformity of the test gas slug in
the shock tube.

it has also be.ca shov.n that much better agreernent with experi-
ment is achieved if the unsleady expansion is modelled as an

equilibrium process rather than as a frozen chemistry process.
as the high enthatpies produced b)the facility are not possible un-
le_,s some of the chemical energy stored in :he flay, after shtx:k

heating of the test gas is returned to the riot during the unsteady
expansion process.

Heat transfer rate measuren'<nts to a flat plate at zero incidence
in the superorbital flow v,ere of the same level a_sthose predicted

by Eckert's empirical correlations for laminar flog. These results
show that the teq flow produ_'ed by the facilit) can he u_d for

meaningful aero|hermodynamic research and further confirm that
the analytical method of deiermining the final test flow slates is
both reasonable and useful.

These initial resuhs have demon_raled the ,dahility of ibe

Superorbital Expandon Tube concel_ and thile further te,,ting on
the small _-ale fa_:ility v, ill cLmtinue, gork is not proceeding on
the design of larger _'ale facilities. It is fore,_een that such facili-
ties till he invaluable for the basic aerothemv.xl.,,namic research

required for future interplanetary missions in',ohing atmospheric
manoeuvring as tell a', for the design and testing of _ehicles to be
used on such missions.

104



ACKNOWLEDGEMENTS

The authors gratefully acknowledge the financial support of the

Australian Research Council for this work.

REFERENCES

|. LY._E. J.E_ TAUBEL ME. and Bt.._t._. R.D. Paran_tric stud)' of

manned aerOcalXurc Pan l: Earth return from Mars. J Spacecr RocL
ets, Novcmber.Decemher 1992, 29,16). pp 808-813,

2. NEELY, AJ.. ST_..KER, R.J. and PAUU.. A. High ¢nLha|py, h)pcr-

v¢lOcily Rows of air and argon in an expansion lube, Aeronaut .I,

June/Ju|) 1991.95. (946). pp 17.';-186.
3. SH*R_'d*,. S.P. and P_R)_.C. Operating charJDcteri_;licsof a 60- and IO

cm cl_cm,: arc-citizen _hock tube -- Pan IL The driven _ctJon.

J YhermaphVsics. July 1990. 4. (3). pp 266-272.
4. NEEDY. A.J. and _,|ORGAN,R.G. Flow measurements and calibration

of a superorbital expansion tube. I hh Australasian Fluid Mechanic_
Conference, Hobarl. December 1992.

$. MO_GA.'_. R.G. and STALKE_. RJ. Double diaphragm ddven free pis-

Ion expansion tube. Skock k'mes: Proceedings of tbe 18th Inlema-

6onal S).mpo_ium on Shock Waves, S_ndai 1991, Springer-Vedalt.
6. RESLEI_.E.L. and BLOXSO_I. D.E. Very high Mach number flo_s b)

unsteady flOW pcinciples.Comell University Graduate School of
Aeronautical Engineering limited distnbution monograph, 1952.

7. P.t,L'ILL,A. Theoretical Anal)'sis of Test Conditions in an Expan.sion

Tube. Depanrnenl of Mechanical Engineering report. 1989, The
Univer_ily of Queensland.

8. MtOFOeO. N.R. STALV.EI. R.J. and SmELD'_.I. Hypersonic nozzle_.

Aerockuul (2. May 1980. p 128.
9. AKM.4..'¢,N. and .E,|ORGA._.R.G. Numerical simulation of viscous flov,

in a su_rorbital expansion tube. 19 ISSW. Marwille 1993.
10. W_, GJ. Time dependent quasi-one dimensional simulations of

high enthalpy pulse facilities, AIAA 4th International Aerospace
PUmc_ Conference, 1-I December 1992, Orlando Ronda.

I I. TA._,_'_o, J. Hyl_rvelocity real gas capabilities of GASL's expan-
sion lu_ (H)puls¢) facility, AIAA Paper 90-1390, June 1990.

12. BAKOS, RJ. and MORGA.'_.R.G. Chemical recombination in an ex-

imnsion lub¢ '_ith an inertial _'ocKLa_ diaphragm rul_ure model.
submitted to .41AA ], May 1993.

13. J._on$. P. J. Numerical Simulation of Transicn! Hypervelocity Flow

in an Expansion Tube. ICASE interim report 120. NASA contraclcx

relx_ 189601, Januaz_ 1992.
14. MIlUELS, H. Test time in _ow-pm_ure shock tubes. Pkysics Fluids.

1963. 6, (91.

15. Rt_LL-_,. O. Eq_.tare: program to calculate the equilibrium or I'mzen

properties of a supersonic gas flo_ at the _mic and stagnation points
upe,tream and clownscreamof a shock v,'ave, General Applied Scierk.-e
Laboratories. He_ York. 1990.

16 PR_Tlr. D.T. and WOR_ECK. JJ Crek: A Computer Program fN

Calculalion of Combustion Rea,.'hon Equihbnmn and Kinc't_c_ in
Laminar or Turbulent Flows. Report V,'SL_-ME-TEL-7_-I, 19"6.

Wa_,hington State Univer, il)'.
17. Sm_. J.L and MILLER, C.G. Expenmenlal perfecl-fas _udy of ex-

pansiem-tuhe flow characlcrislics. NASA Technical Paper 1317.
1978.

18. ST_LKEL R.J pn_ale communication. 1903.
19 Jo_.[s. JJ. Stone p<rformanc© char_ctcn.qic_ of the LRC 3 -_14-inch

pilo_ expand, ion tube u,,ing an unheated h)drogen driver, Founh
H)per_ek)cily Techniques Symposium. Tullahoma. Tcnncsr,ee.
No_ ember 1965.

20 .ME'_r.._. RF. The impact of a .,,hock _u,, • on a too', able _all. J Fh.J

Mech. 1957.3.13). pp 30_-323.

21 ECKF_To E.RG. Enginecnnf relations, foe fncdon and heat transfer to

._mdaces in high _ekx'ity flow. JAert_zmn 5ci, August 1955, pp 58-_-
587.

._._ A',,;I)EIItSON.J.D. H)perwmic and Hz_k Temperature Gus Dynamics.
McGraw-Hall. Ne-, Yr,'k. I9SO.

2_. SCHt'I.r'L DL. and Jo'_r-_. T.V. Heat Tran-fcr mea,uren_<nt_ in ,,h_l

durotion h)per.,.on_: faciliti¢?,. AGARDogr,q_h P;o. 165. Fcbruar)

1973.

24. HE. Y. PhD thesis, Depanment of Mechanical Engineering. The

Umvemly of Qucendand, 1992.



106



|9_ Inu:r_xud $1m_Pa * _
IUIT6 @_ _ w q _, _ ..... •

I_cs,creLd ot N95- 25400

Balances for the Measurement of Multiple Components of Force in

Flows or a Millisecond Duration ] c]_ 5 / / oOc_:_

DJ. M eel , WJ. DanleP, S.L. Tuttle 3 and J.M. Slmmo ns4

Depa_mcnt of Mechanical Engineering. The University of Queensland, AUSTRALIA

reports a new balance for the measurement of three

Abstract. This paper drag and pitching moment - in impulsively starting flows
components of force - lift,
which have a duration of about one millisecond. The basics of the design of the

balance are presented and results of tests on a 150 semi-angle cone set at incidence in

the T4 shock tunnel are compared with predictions. These results indicate that the

prototype balance performs well for a 1.9 kg, 220 mm long model. Also presented arc
_sults from initial b_nch tests of another application of the deconvolution force

balance to the measurement of thrust produced by a 2D scramjet nozzle.

Key words: Force measurement, shock tunnel, instrumentation

1. Introduction

The measurement of forces on vehicles flying at hypervelocity conditions has been

restricted by the short durations for which current experimental facilities can sustain a

representative flow. Progress has been made recently in designing balances for use in
flows of duration as short as a few miniseconds (Jessen and Gronig 1993; Naumann et

al. 1993; Carbonaro 1993). A new technique for measuring a single force component,
the de.convolution drag balance, has been developed reeendy at The University of

Queensland (sanderson and Simmons 1991). This technique involves interpreting
transient signals from strain gauges on a long sting connected to the test model to

determine the time-history of the drag loading. The deconvolution drag balance has

been applied to quite large and complex shapes in flows of duration as short as I ms

(Porter et al. 1993).
In this paper the deconvolution force balance is extended to the simultaneous

measurement of lift, drag and pitching moment. The basic design of this balance is

considered and tb¢ installation of a prototype balance for measurements with a 15°

semi-angle cone is discussed. Results for this model at small angles of incidence in a
Mach 5 flow of nitrogen are then presented. A further application of the

deconvolution balance to thrust measurement on a two-dimensional scramjet nozzle is

also discussed.

2. The three-component balance design

The three-component deconvolution force balance consists of a single, 2 m long sting

attached to the test model by four short bars (Fig. 1). Each of the short bars is

instrumented for measurement of axial strain at its mid-point. A strain gauge bridge is

I Lecturer 3 Postgraduate Sm&nt
I Queen Etizatw._h H Research Fellow

4 Dean of Engineering
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also attached to the sting 200 mm from the model/sting junction. Combinations of the

strain signals from the four bars arc used to produce two output signals - one

responding primarily to a lift input signal and the other responding primarily to a

pitching moment input signal. The strain measurement in the sting responds primarily

to a drag input. Inevitably there is some coupling amongst these output signals.

T ,
CONN .EC_ BARS

Fig. 1 Schematic of the three-component balance a_angement.

The time histories of the three outputs related to lift, drag and moment, YL(O, YD(t)

and yet), can be related to the time-histories of the lift force, drag force and pitching

moment on the model, UL(t), Uo(t) and u_t) via nine impulse response functions. This

coupled convolution problem can be written in matrix notation as in Mce et al. (1992)

Yl) = GOL Goo G°M u°

[.GML GMI) GMM

where the y vectors are formed from the diseretized output signals and the u vectors
are formed form the applied load time histories. The square G matrices are formed

from the impulse response functions, G# being the impulse response for the y_ output to

a uj input. If there is no coupling amongst the outputs then the off-diagonal
submatrices in the impulse response matrix will be null. Further details on the design

of the force balance are given in Mee et at. (1992).
The nine impulse response matrices were found from a series of bench tests in

which a weight was attached to the model by a fine wire. The wire was cut, thus

producing a step change in the load applied to the model. The output signals resulting
from such a load change were recorded and processed to produce the impulse

responses. The linearity of the system enables the responses to flow-type loading
distributions to be determined by superposition Of the results£f several tests for single

loads applied at various locations on the model.
In experiments in the shock tunnel, each of the y_ outputs was measured and time

domain, coupled deconvolution techniques were used to determine the time histories
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of the lift and drag forces and pitching moment on the model. The experimentally

determined impulse response functions were used for this deconvolution.

3. Tests of a prototype balance

The prototype balance was installed in a 220 mm long, 15 ° semi-angle, aluminium
cone as indicated in Fig. 2. The cone mass was 1.94 kg. The device was first tested

outside the tunnel by cutting wires attaching weights to the model. Results for a single

lift load applied to the cone were compared with the results for a distributed loading

which gave the same net lift force and centre of pressure. These tests indicated that
the balance was not very sensitive to the distribution of load on the model.

7o0

_ _soo
: ! "" "" _t00

':.:"--- _300
'.-' ".- -.. • - ar" 200

: ; "'"""

0

Fig. 2 Details of the connection of the balance

to the sting.
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Fig. 3 TypicalPitot pressuretraceforpresent
teSL_.

Experiments were performed in the T4 free-piston shock tunnel (Stalker and

Morgan 1988) to test the performance of the balance. The sting was supported by fine

wires (Fig. 1), thus allowing it to move freely in the plane of the lift force, and was
shieldcd from the flow so that the only aerodynamic forces were on the surface of the

cone. For these tests the cone was set at three angles of attack - 0.0 °, 2.5 ° and 5.0 °.

For the tests nitrogen, at the conditions given in Table !, was used. A typical,

filtered trace of Pitot pressure during a shot of the tunnel is given in Fig. 3. Note that
the zero on this and subsequent time scales is arbitrary. The Pitot trace shows a small

initial overshoot which is attributed to the nozzle starting process. The mean level

settles to a sleady value about 500 las after the flow starts.

It takes about 800 ps for plane stress waves initiated by the arrival of the test gas

to traverse the 2 m long steel sting, reflect from the free end and return to the strain

measurement locations. During this time the flow has traversed approximately 15

model lengths. The deconvolution of the measured signals continues beyond this point

but the accuracies of the impulse responses at these larger times deteriorates.

Examples of the raw voltage signals obtained from the five strain gauge bridges

are shown in Fig. 4. These data are from the test at 2.5 °. Results arc shown for the

strains measured in the two inclined and the two transverse bars joining the model to

the sting and for the strain measured in the sting itself. The signal-to-noise ratio is
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found to be adequate using semiconductor strain gauges. The relatively large

oscillations in the signals in the transverse bars are associated with the dynamics of the

model/sting configuration.

_ions- test as is nitrogen.
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]Fig. 4 Raw strain signals from the five bridges for test at 2.5 ° incidence.

Dcconvo]ved signals are shown in Fig. 5 for the three incidences of the present

tests. The deconvolution process leads to amplification of noise on signals and the
results shown have l_en passed through an 8-pole Butterworth filter with a cut-off

frequency of 6 kHz. The drag signals show an initial overshoot during the nozzle
starting time, however the lift signals, which have a slower response,do not show this
overshoot. Both lift and drag show reasonably steady values during the test time of

500 - 800 ps after flow start. The moment signal for the model is defined to be zero
when the lift force acts through a point one-third of the cone axial length from the base
of the cone - the theoretical line of action of the lift force for an inviscid conical flow.
The results indicate that the eentrc of pressure during the test time is about 5 mm (290

of the cone height) further downstream of this point.
The measured results have been compared with the con_puted data of Jones

(1969). There is a small difference in the ratio of specific heats (1.4 in ]ones 1969 and
] .32 in the experiments) but a comparison of the results, shown in "['able 2, gives an
indication of the performance of the balance. There are some uncertainties in the
conditions of the flow in the test section which, for example, will lead to an

uncertainty in theoretical drag of+ 12% (Mee 1993). The absolute values for lift and

drag are about 10% lower in the experiments but the ratios of lift to drag agree well.

At this stage the accuracy of the balance has not been quantified.

5. Thrust measurement on a 2D scramjet nozzle
The deconvotution force balance is also being used to measure thrust produced by a

symmetrically divergent nozzle with l 1° ramp walls. The area ratio is approximately
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5.5. Attachedto the nozzle arc two long stings in which the measurement of tensile

strain will be used to find the nozzle's net axial thrust. The system is shown in Fig. 6.

t
K_

t 0

t_
L_---

IO'MOSG..'_T- • •

_4 ).t 2l $ 3}

_-5 t_.G._ODD,'Cti

__I It, MoXL_'r - - -

z' ' _J_o_(_'

li_ / __ IIPIOML'_,"T. - • -

I -3_ I I I I '

11_ (Iq

Fig, S Deconvolved lift, drag and moment signals for 0.0% 2.5 ° and 5.0 ° incidence.

Table 2 _ rimental results with computati¢ s Of |ones (1969)_ Computation

Incidence Experiment
(deg.) Drag, D Lift, L L/D Drag, D Lift, L L/D

i 3 4s_ o0 sto 20 o.o4 ss0 0 ooo
j 37s2_ 2.5 460 2tO 0.46 530 220 0.42

L._- 5.0 520 420 0it 590 4"/0 0.g0

The stingsare twistedthrough90° near to the nozzleto providerigidityand

bending stiffness.Finiteelementmodelling has shown thisto be acceptable.There

arestraingaugesbeforeand afterthetwiston eachsting.The staticpressurealongthe

ramp wallsand thePitotpressureacrossthe nozzle'sexitplanewillbe measured inthe

experiments, Any differencebetween the thrustindicatedby the pressuresand that

determinedwiththedeconvolutionbalancewillbe due toskinfriction.

The strainsfrom a finiteelementsimulationfora tunnel-typeloadinghave been

deconvolved successfullyusingan impulse responsebased on anotherfiniteelement

computation.The model has been manufactured and instrumentedand bench testing

shows encouragingagreementwith the computations(Fig.7). Differencesbetween

the step responses after arrival of reflected waves arc attributed to different end
conditions for the experiment and the computation. Based on these results and

previous experience with deconvolution balances it is expected that the present balance

will perform satisfactorily in tests in T4.

6. Conclusions

The results of tests using a three-component de.convolution force balance have

indicated that the balance performs satisfactorily in a shock tunnel flow of a

millisecond duration. The balance performed well on a model that was not

restrictively small or light - the model was 220 mm long and had a mass of !.9 kg.

Further testing is required to quantify the accuracy of the balance.

111



Acknowledgement

The authors are grateful for the support received from the Australian Research Council

under grant AE9032029 and the Queen Elizabeth II Fellowship Scheme (for DJ Mee).

1.2 - , _ , _ '_ _ _ "
EXPEP.I._E._'r

Combusto¢ _'_ Z |

0.6

I'll"<" i 0.,

0

Strain Oluge _._ -0.2
-- I I I • l I I I

0 0.2 0.4 0.6 Oi i 1.2 !.4 1.6 t.I
• TIME(toO

Fig. 6 Schematic of the thrust balance.
Fig. 7 Experimental and computed step

responses for a point load on the nozzle.
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